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Preface 


Emulsions and foams may be either desirable or undesirable. The 
progressive development of the art of producing and resolving them has 
been directed to their control. Formation, stabilization, inversion and 
transition to the unstable state are factors of importance in the study of 
emulsification and foaming. On the other hand, preventive measures in 
the formation of these systems as well as their destruction constitute 
major problems. 

Emulsified oils have many uses in medicine (pharmaceutical emul- 
sions), biology, food and vitamin chemistry, photography, agricultural 
spraying as well as in the petroleum, synthetic rubber, textile and 
leather industries. Asphalt, hitumeji lubricating-oil emulsions are 
discussed at length with specific^temples of the broad application of 
hydrocarbon emulsions. Foams are desirable in such industries as 
brewing, wine, soap, ore flotation, and fire-extinguishing chemicals. 

Dur^g the year 1940 the world ^s production of crude oil was over 
2,200,000,000 barrels, of which the United States produced 1,350,000,000. 
Practically all crude oils produced contain salt water in a free state or 
in the form of emulsions. It is estimated that over 400,000,000 barrels 
of crude oil recovered yearly is in a highly emulsified state. Since pipe- 
line transportation companies permit in general a maximum of 2 per cent 
of water emulsified in the oil, efficient demulsification must be effected 
in the field. The primary methods for breaking emulsions are by addi- 
tion of chemicals, and by application of electricity, heat and pressure, 
or combinations thereof. Improved methods of oil production are 
reducing the amount of emulsification of crude oil. 

Undesirable foaming and its prevention arc problems related to heat 
dehydration of crude oils and tars, as well as to paper production and 
metallurgical practice. 

It is believed that this book will provide a theoretical and practical 
background desirable in overcoming difficulties in oil foaming and ermd- 
sification. The methods of laboratory analyses outlined may also be 
useful. 

We wish to acknowledge our deep indebtedness and gratitude to 
Dr. C. H. M. Roberts, Director of Research of the Petroleum Rectifying 
Company of California, for his valuable criticisms, contributions, and 
suggestions. Thanks are due Miss Eugenia Licboner (M.Sc.) for typing 
the manuscript. 

Sophia Berkman 

Universal Oil Products Co. Gustav Egloff 

Chicago, Illinois 
February 17, 1941 
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Chapter 1 

The Theory of Emulsions and Foams 

EmUIjSIONS 


Introduction 

The most typical and the simplest liquid/liquid dispersion system 
known is that of water in oil. It is evident that in such a system, known 
as an emulsion, the water globules are separated from one another, while 
the dispersion medium (oil) is the continuous phase. Oil globules may 
also be dispersed as droplets in water; the di.sperse phase in this case is 
oil and the dispersion medium, water. Both the dispersion medium and 
the disperse phase have a boundary surface; that of the former is con- 
cave, while that of the latter is convex. In the chemistry of dispersoids, 
the distinction between molecular and coarse systems depends upon the 
particle size of the phase distributed in the medium, that is, whether it is 
composed of molecules or aggregates of molecules, or of particles which 
can be readily seen under a microscope. The latter are called coarse 
systems. Between these two types of disperse systems (molecular and 
coarse) are the colloidal systems. 

That petroleum and petroleum distillates may be of a colloidal nature 
has been indicated. It has been Ostwald’s belief^*® that high-boiling 
petroleum fractions should be regarded as iso-colloids in which the dis- 
perse phase and the dispersion medium possess the same or similar 
chemical constituents. Pyhala^”®--®^ considers crude petroleum as a sol, 
the disperse phase of which is a solid gel, such as asphalt, together with 
liquid particles. Holde states that mineral oils (petroleum and its 
distillates) are to be regarded as colloids. The heavy opaque mineral 
oils, which are considered as solutions of asphalt and lighter mineral 
resins in mineral oil, behave as colloids in a benzene solution. Reddish- 
yellow machine oils from paraffin oils were found by Dunstan and Thole 
to contain amicrons and to display a blue cone of light. A small quantity 
of solid parafiRn dissolved in benzene gives no cone of light, but larger 
quantities cause a cone of light and sub-microns to appear, and these 
increase in intensity with the concentration of the solution. Sub-microhs 
are rarely found in Russian paraffin-free petroleum, but are readily 
detected in American paraflSn-basc oils. The fluorescence of petroleum 
has been attributed to its colloidal nature; but Brooks and Bacon®* 
reported that this fluorescent material was not adsorbed by fuller’s earth 
and that when it was diluted with kerosene, filtered and carefully dried, 
no such effect was noted in an ultramicroscope. Their contention was 
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that the fluorescence was due to the presence of a small percentage of 
aromatics, such as chrysene, pyrene and fluorene. 

No demarcation can be made between the classes of dispersoids, as 
some intermediate transition systems are always present. But there is a 
twilight zone between coarse colloids and fine emulsions which cannot be 
defined aecording to observations, such as Brownian movement, cataphor- 
esis, gel formation, and other phenomena occurring in emulsions. Gener- 
ally speaking, it seems that it is the predominant size of the particles nr 
globules of the disperse phase which determines the system to which an 
emulsion may belong. Emulsions, according to their properties, approach 
either coarse dispersions or colloidal systems. Many properties of emul- 
sions which have number distribution curves with a maximum for small 
globules asymptotically approach those of colloidal systems, the stable 
state of emulsions being indicated, among other factors, by the presence 
of small globules. Gelatinization, so often observed in crude-oil emul- 
sions, is a process of alteration caused by changes in emulsion concentra- 
tion ; it is also attributed to the presence of electrolytes or by-products in 
a colloidal state so well known in colloidal systems. The molecular por- 
tion of soaps in solution favors the rapid diffusion of a low molecular 
substance, whereas the colloidal portion causes gel formation. The 
division of natural emulsions into two groups of different properties, 
hydrophilic and hydrophobic, also supports the assumption that, even 
though characteristic differences exist between certain emulsions and col- 
loids, they are systems of the same order. A great many investigators 
have studied the nature of emulsions, their properties, formation (emul- 
sification), destruction (demulsification), and stability; but usually only 
a single system has been studied at a time, and that with respect to one 
or two significant factors or characteristics; no one system has been 
investigated in its many phases. 

Many working hypotheses have been proposed, but only one or two 
of them seem to attain, even approximately, the value of a theory which 
might give a complete picture of and an explanation for emulsion 
behavior. Moreover, it must be noted that emulsions prepared artificially 
in a laboratory are not strictly analogous to those produced in oil wells. 
Nevertheless, a knowledge of the hypotheses offered by different investi- 
gators in the field of emulsions is of importance and practical value. 

In the following chapters the most important factors which influence 
emulsion formation and affect their stability, as well as those which cause 
the inversion of emulsion systems, will be discussed. 

Surface Tension 

Surface tension has been emphasized as a factor in forming emulsions, 
as well as in maintaining their stability. Some workers in this field 
believe that surface tension is indispensable to the emulsification process 
and is the only significant factor in emulsion stability. Others do not 
deny a position of importance to this factor, but point out many cases 
of emulsion formation in which surface tension does not play as great a 
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part as other characteristics of the system. In some cases surface tension 
can be shown to have little, if any, part in the formation and stabilization 
of emulsions. 

Surface tension in an emulsion system refers to the surface tension of 
a liquid/liquid boundary surface and is called interfacial tension. The 
interfacial tension of a liquid/gas boundary is significant in the case of 
oil-well emulsions when gas is present and under conditions favoring 
creaming and foaming. The adsorption of substances at the boundary 
surface is important in effecting a change in the surface tension of a sys- 
tem brought about by the addition of a substance, or by the presence of 
by-products in the system. The surface tension of a freshly formed sur- 
face of a soap solution differs little from that of water, but decreases 
rapidly as the soap molecules become adsorbed at the surface. Molecules 
of a solute which reduce the surface tension become more concentrated 
at the boundary surface than in the interior of the solution. This type 
of adsorption is called positive. When negative adsorption takes place, 
an increase in surface tension occurs in the system. A decrease in surface 
tension is more frequent than an increase. It is readily understood that 
stabilization may be due to either positive or a negative adsorption,'^^® 
involving a difference in composition between the surface layer and the 
volume, and that emulsification is brought about only by substances 
which lower the surface or interfacial tension, it being known that inter- 
facial adsorption is merely a lowering of the interfacial tension. When 
the concentration of the solute of the emulsifier is sufficiently high, it may 
lead to the formation of an invisible skin or tough membrane. The 
formation of adsorbed films in the interface is considered an important 
factor in the stabilization of an emulsion, because it prevents the coales- 
cence of its globules. Coalescence is facilitated by the Brownian move- 
ment of the droplets. Brownian movement causes the droplets to diffuse 
slowly through the liquid and to collide with one another repeatedly. 
This sudden decrease in interface produces a momentary increase in the 
thickness of the adsorption layer and therefore a decrease in the inter- 
facial tension, provided the surface layer is not saturated. But even 
when the interfacial tension is reduced to zero, some tendency to coalesce 
still remains. 

According to thermodynamics, it is readily understood that low inter- 
facial tension favors emulsification. Wlien two immiscible liquids are 
agitated so as to disperse one liquid in the other in the form of fine glo- 
bules, the surface of each liquid becomes greatly extended, and a corre- 
spondingly large quantity of free energy is produced at the interface. 
The work of extension (or the potential energy appearing at the inter- 
face, as well as at the free surface) is measured by the area of the surface 
produced and the intensity of the interfacial tension acting against it. 
Gibbs says that the free energy possessed by a surface “is at once the 
spring of its activity and the seed of its destruction.” It is obvious that 
this potential energy of the surface, just as the potential energy of any 
other system, tends to reduce the area of the surface to a minimum. This 
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contractile force draws the liquid into a number of spherical droplets, and 
at the same time divides an intimate mixture of two immiscible liquids 
into two phases, separated by the smallest possible interface. Therefore, 
if an emulsifying agent reduces the interfacial tension between two immis- 
cible liquids, it decreases the free surface energy of the emulsion formed 
and tends to produce a permanent emulsion. At the interface and 
between the phases of an emulsion, two antagonistic forces are at work, 
namely, surface tension, which tends to cause coalescence, and coherence 
of the film of emulsifying agent, which tends to resist coalescence. There- 
fore, the stability of an emulsion is dependent on the relative magnitudes 
of these opposing forces. If the coherence of an emulsifying agetit is so 
great that surface tension cannot overcome it, the emulsion becomes 
“permanent.” If this is true, then a general method should be available 
whereby the stability of an emulsion may be decreased, namely, by an 
attack upon the emulsifying agent resulting in an increase in the inter- 
facial tension. To convert the emulsifying agent into an ineffective form, 
a substance should be added which dissolves and removes it from the 
interface, causes it to fiocculate to such an extent that a coherent film is 
no longer present, or tends to form the reverse type of an emulsion, e.g., a 
counter-colloid. 

In many emulsions a marked lowering of the surface tension may be 
attributed to the emulsifying agent, and it can be increased only by 
destroying or modifying the latter. It is the contention of Bancroft 
that emulsification is due largely to the small surface tension between 
the oil and the emulsifying agent, which permits the latter to spread out 
in a thin film separating the oil globules. When two liquids come into 
contact at a common interface, a mutual pull is exerted, with a resulting 
reduction in surface tension; and this pull tends to cause one liquid to 
spread over the other. The stronger the force of adhesion between the 
molecules of the two liquids, the smaller the interfacial tension and the 
greater the degree of spreading. If the force of adhesion is as great as 
or greater than the force of cohesion of the spreading liquid, the liquid 
will spread until it forms a continuous monomolecular film. If a liquid 
which is in a position to spread over another liquid, possesses a force of 
cohesion greater than its force of adhesion to water, it will not spread. 
If adhesion is stronger than cohesion, it will spread to an extent deter- 
mined by the spreading coefficient S, which is equal to the difference 
between the work of adhesion W®, required to separate the liquid from 
the water, and the work of cohesion Wc- 

Harkins showed that the force of adhesion between various 

fatty acids and water is practically the same in every case, no matter 
how long the carbon chain may be. From this he concluded that in every 
case the force of adhesion represents the attraction between carboxyl 
groups and water molecules. The work of adhesion depends upon the 
strong active groups in the molecule, and the work of cohesion upon both 
weak and strong polar groups. 

An experimental method to show that surface tension of the emulsify- 
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ing film is higher on the side of the emulsified liquid was devised by 
Bancroft and Tucker,^* who applied the theory of Gibbs, which assumes 
that a film has two surfaces and two surface tensions when it is in contact 
with different phases. These two surface tensions are not necessarily 
equal, and the film will tend to curl toward the side having the higher 
surface tension. In all emulsions the dispersed liquid is on the side of 
the film having the higher surface tension. The low interfacial tension 
between two liquids, as usually measured, is the difference between the 
surface tensions on the two sides of the film. For example, oleic acid 
may be drawn into globules on a surface of water previously wetted by 
the acid because the surface tension between the adsorbed oleic acid and 
the oleic acid in a body is not zero. It is the belief of Bancroft and 
Tucker that there is no method of predicting the type of emulsion by any 
other property than the surface tension of the film, although the liquid 
that wets the emulsifying agent more readily is usually the dispersing 
medium. 



ACETIC 

PROPIONIC 

BUTYRIC 

VALERIC 

CAPROIC 

HEPTYLIC 


The first to relate lowering of surface tension with emulsification were 

Quincke 208. 209 and Plateau , 200 showed that good emulsifying 

agents generally form solutions having low surface tension. A series of 
experiments, which showed a striking correlation between the emulsify- 
ing power of the sodium salts of monobasic fatty acids for a petroleum 
lubricating oil and the reduction in surface tension which they produced, 
was carried out by Donnan and Potts.*'*® These investigators measured 
the relative interfacial tension between a hydrocarbon oil and the aqueous 
solutions of a number of sodium salts of normal saturated fatty acids at 
various concentrations and found that all salts decrease the interfacial 
tension ; sodium caprylate is the first to show a marked effect in lowering 
the interfacial tension, the effect increasing rapidly with increase in 
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molecular weight (Fig. 1). In measuring the emulsification with hydro- 
carbon oils of aqueous solutions of salts of fatty acids of various concen- 
trations, they found that the sodium salts of lauric and myristic acids 
had* a measurable emulsifying ability. In these cases the emulsification 
first increases rapidly at low concentrations and then decreases rapidly at 
high concentrations. It has been stated by Donnan and Potts that the 
maximum concentration necessary for emulsification can be partially 
accounted for by calling attention to the “salting out^^ or coagulating 
action of the positive sodium ions. Gurwitsch found that the cor- 
relation of the lowering of surface tension and emulsion formation is 
applicable to petroleum emulsions also, and showed that resinous sub- 
stances and naphthenic acids, which are efficient agents for promoting 
emulsification of petroleum oils, greatly reduce the surface tension of 
those oils when the latter are in contact with water, as shown in Table 1. 

Tabic !• 

Surface Tension 
Affamst Water 
(erRs/cm^) 

Liquid paraffin 47.2 

Liquid paraffin + 1% naphthene soap 30.5 

Liquid paraffin + 3% petroleum resins 40.1 

Harkins, Brown and Davies found that sodium oleate {0.03N ) , 
which is an excellent emulsifying agent, reduced the surface tension of 
water against water vapor from 72.8 to 26.75 dynes/cm. At the same time, 
it reduced the interfacial tension between water and benzene from 35.0 to 
2.22 ergs. Moreover, Harkins and Zollman found that if, instead of 
using a previously prepared sodium oleate solution, a proper amount of 
sodium hydroxide with some sodium chloride were added to the aqueous 
phase and the benzene phase contained an equivalent concentration of 
oleic acid, the interfacial tension could be reduced to 0.04 erg/sq. cm, that 
is, about one-thousandth of its original value. 

It was observed by Reinders that powdered metals and insoluble 
salts in water, when shaken with ether, kerosene, alcohols, etc., arc 
adsorbed in the interface. According to Quincke, if three liquid phases 
in equilibrium with one another are brought together, then, depending 
upon the values of the interfacial tension, and aa.i, either the 

three phases meet at a mutual edge, or one of the phases spreads out 
between the other two, separating them wholly. From the standpoint 
of the force of gravity, the first takes place when either one of the two 
interfacial tensions is greater than the sum of the other two, and the 
second condition implies that this is actually the case. For example, if 
O ’!, 2 > o’2,3 + era,!, then phase three will spread out between the first and 
second phases. 

When a colloid is a suspensoid and the solid particles contained in it 
have dimensions for which a constant surface tension with respect to the 
surrounding phase may be assumed, three possibilities may be mentioned: 
(1) the colloidal substance remains in the first dispersion agent; (2) the 
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colloidal substance reaches the boundary; or (3) the colloidal substance 
passes completely into the second liquid. If the particles of the dispersed 
phase are so small that they may be considered as aggregates of relatively 
few molecules, then the surface tension of these aggregates is greatly 
dependent on the number of these molecules; and it may happen that 
colloidatl solutions of one and the same substance show an unlike behavior 
with respect to a second liquid, depending upon the size of the particles. 
When the particles reach molecular dimension, the dissolved substance 
intermingles with the two solvents according to the Law of Distribution, 
factors other than surface tension being responsible. 

Reinders,^^® experimenting with powders of various kinds of insoluble 
inorganic compounds shaken with water and an organic liquid, found that 
in a few cases the powder went completely into the aqueous phase; in 
others, the organic liquid contained practically all the suspension, but in 
the great majority the solid went preferentially or completely to the inter- 
face. If it is to be concluded from this that the interfacial tension involved 
is diminished by the addition of most inorganic solids, it is not logical to 
deduce that the tension at each of the solid/liquid surfaces should also be 
considered, because the particles arc comparatively large. (The solid will 
go to the interface if each liquid is adsorbed at the surface between the 
solid and the second liquid, that is to say, if the mutual solubility is 
increased at the surface of the solid.) 

The cleansing power of soap was attributed by Smith to the fact 
that soap solutions have a low surface tension compared with that of pure 
water, but approximately of the same order as that of many oils. When 
two liquids having about the same surface tension arc mixed they do not 
separate, because the tendency to form larger droplets is not greater in 
one case than in the other. The separation of oil and water is brought 
about largely by the high surface tension of water. The droplets of 
water combine to form larger droplets with greater force than do the 
droplets of oil, that is, they come together with such force that the oil is 
pushed away and freed, forming a separate layer. 

The surface tension of pure sodium palmitate and sodium stearate 
solutions of various concentrations was measured by White and Harden,-®^ 
who found that the surface tension increases with increase in concentra- 
tion. This is contrary to the change in surface tension shown by alkali 
and salt solutions. Tlie relative emulsifying power of solutions of sodium 
palmitate and sodium stearate with kerosene and linseed oil was deter- 
mined by shaking them by hand for five minutes and observing the time 
for noticeable separation. The relationship between the surface tension 
and emulsifying power of the solutions studied was such that, with an 
increase in concentration of the soap solution, there was an increase in 
the emulsifying power ; or vice versa, as the surface tension increased, the 
emulsifying power decreased. The presence of glycerin does not affect 
the surface tension of a soap solution to any great extent; therefore it 
should not have an injurious effect on the cleansing power of soap. A 
large percentage of sodium carbonate, however, was found to increase the 
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surface tension, and for this reason would not be desirable in soaps, accord- 
ing to these investigators. 

In order to answer the question regarding surface tension of soap 
solutions, Lascaray made measurements at ordinary temperatures, 
using Traube’s stalagmometer, and found that the surface tension of 
soap solutions changes gradually, going from inactive sodium formate up 
to the strongly active higher members of the series. 

The surface tension curve of the middle fatty acid salts (sodium cap- 
roate to sodium laurate) shows a break which coincides with the sudden 
clearing of the solutions. Lascaray found an interesting phenomenon 
for the coagulation processes involved. He differentiated two kinds of 
coagulation, namely (1) the dilute soap solutions which, when fresh, have 
a strong turbidity and form by coagulation a precipitate (coagulum) 
which is lighter than water and which therefore rises to the top; on the 
surface of the solution a layer is formed which is liquid for sodium 
caproate, sodium caprylate and sodium oleate, but solid for sodium 
laurate; coagulation proceeds comparatively slowly. (2) The sudden rise 
of the surface tension curve which coincides with the sudden clearing is 
accompanied -by a change in the coagulation process; the solutions, which 
suddenly become almost clear, do not give a coagulum (precipitate) which 
is lighter than water but, on the contrary, a heavy ffocculant precipitate 
which accumulates at the bottom of the container. When coagulation is 
completed (and that quickly), these solutions are totally clear. 

Lascaray attributes the difference in precipitation to the fact that 
they originate from two sols, and assumes that their formation indicates 
the presence in soap solutions of fatty acid, as well as soap sols which, 
after coagulation, are converted into fatty acids and solid soaps. Both 
colloidal systems may be present in a soap solution at the same time. 
For the existence of a fatty acid sol, it is necessary that the amount of 
fatty acid present be greater than that molecularly dissolved in water, and 
this amount depends on hydrolysis. The concentration of the fatty acid 
set free by hydrolysis for the same substance depends only on the con- 
centration of the ions present and is proportional to the square root of 
this concentration. The electrochemical laws of solutions show that the 
ion concentration of a salt reaches a maximum with increase in ihe con- 
centration of the salt, and then falls again. The same holds true for the 
concentration of a hydrolyzed fatty acid. In relatively dilute solutions, 
hydrolysis may be extensive, and the amount of hydrolytically split fatty 
acids may be greater than that which will go into solution. Soap solu- 
tions are good dispersion agents; therefore a fatty acid sol is formed. In 
the case of concentrated solutions, hydrolysis is insignificant, and the 
amount of hydrolytically split fatty acids is small, molecularly dispersed 
solutions and no fatty acid sols being formed. Soap solutions, on the 
other hand, originate principally in concentrated solutions because they 
are formed directly from soap molecules. 

Heyden von T^pke states that the surface tension of cutting oils, 
used in the preparation of white emulsifying oils and possessing good pro- 
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tcctive properties against rust, is affected by the presence of soap. In 
commercial practice, homogeneous cutting oils are obtained by using an 
aqueous alcoholic base or an excess of free oleic acid for saponification. 
In the emulsification of cutting oil in water, the emulsion is made more 
complete and more stable the smaller the surface tension between the soap 
solution of the cutting oil and the mineral oil. When no surface tension is 
present, cutting oils are obtained which are actually water-soluble and not 
just emulsified by water. 

The surface tension of emulsions is affected by the presence of elec- 
trolytes in various concentrations. Limburg investigated the influence 
of electrolytes on the interfacial tension of a system of paraffin oil and 
water, and found that the interfacial tension of oil-in-water emulsions 
did not change greatly with the use of various concentrations of hydro- 
chloric acid or potassium chloride, but decreased rapidly for increased 
concentrations of potassium carbonate. Limburg found that the stability 
of emulsions decreased with increase in the concentration of most salts, 
and that the relationship between stability and charge did not indicate 
either the proportionality or the existence of a critical potential. How- 
ever, at low concentrations of electrolyte, for example, hydrochloric acid, 
the charge was increased but, in spite of this, the stability decreased. 
From this, Limburg deduced that the increase in conductivity is the 
important factor determining stability. With an increase in concentra- 
tion of electrolyte this effect becomes so great that, in spite of the pro- 
tective action of the charge, the coagulation velocity reaches its highest 
value and the charge becomes ineffective. Thus decrease in stability with 
increase in the concentration of electrolyte (regardless of two favorable 
factors, i.e,, charge and surface tension) is ascribed by Limburg to an 
increase in the conductivity of the solution. This fact he considers as 
contradicting both the critical potential theory of Powis and the concep- 
tion that the stability of an emulsion is determined solely by the value 
(magnitude) of the charge. 

The surface tension of oil-in-water emulsions was observed by Joshi.^®^ 
The system investigated consisted of pure water, oil, and a solution of 
sodium oleate. The surface tension was found to be practically identical 
with that of the dispersion medium in a pure state and not dependent 
upon the nature of the dispersed phase. Oil, dirt, or other impurities 
diminish the surface tension when they arc present as such, and not 
emulsified in the system. If they are emulsified in the liquid they can 
be present in a larger proportion without having any influence on the 
surface tension. 

Russakow, Kuznetzowa and Ssemenko,^^^ working with pure paraffin 
oils and commercial oils, considered surface activity an important factor. 
By measuring the surface tension of commercial oils against water and 
air they established the fact that the change in the interfacial tension, 
when oils were treated with refining agents of various concentrations, is 
parallel with the stability of the oils investigated. Further, these investi- 
gators were of the opinion that measurements of surface tension against 
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dilute alkali solutions may determine the percentage of oil in the saponifi- 
able substances. Holmes and Williams state that not every substance 
causing a marked lowering of interfacial tension will act as a good emul- 
sifying agent. For instance, acetone is soluble in benzene and water and 
lowers the surface tension, yet shows no emulsifying power; and the same 
is true of methylethyl ketone. 

There are many cases of emulsion formation in whicli surface tension 
is apparently of slight importance. A number of investigators have pre- 
pared stable emulsions by using finely divided solids, which arc insoluble 
in either phase, and do not affect their surface tension. Carbon black was 
found by Schlaepfer and Moore to be an excellent emulsifier 

in the formation of water-in-kerosene emulsions. Very stable emulsions 
of kerosene and solar distillate in water were prepared by Pickering, 
using finely divided solids as emulsifiers. Particularly effective as such 
were the basic sulfates of iron, copper, nickel, zinc and aluminum, wiiich 
may be due to the formation of a salt with the oil. In many cases, the 
surface tension of the dispersing medium no doubt plays an important 
role in emulsification; then again, where emulsification is due to the 
presence of solid particles, no changes in the surface tension of the dis- 
persing medium takes place. On the other hand, some investigators 
believe that even in emulsification by pulverized solids, lowering of surface 
tension is involved. 

It has been stated by Hatschek that substances used by Pickering 
obviously would not accumulate at the interface, particularly on the water 
side, unless this arrangement led to a lowering of the interfacial tension. 
Liesegang contends that the collection of fine particles at the surface 
of the water phase brings about a reduction in the surface tension. 


Isohexanc 


Table 2 


specific 

Surface 

Tension 


Specific 

Surface 

Tension 

Gravity 

(dynes/cin) 


Gravity 

tdynes/cm) 

0.664 

22.5 

♦ Miuer's Oil 

0.874 

33.7 

0.800 

29.6 

♦ Diamond Parallin 


0.818 

30.2 

Oil 

0i!87 

34.4 

0.834 

31.7 

♦2900 Red Oil 

0.895 

35.0 

0.852 

32.8 

Casein (0.02%) 
Water 

(b.p. over 
270°) 

54 

74.2 


♦ Oils obtained from a series of 35 petroleum distillates. 


In a series of emulsions prepared with oils of increasing specific gravi- 
ties dispersed in an aqueous solution of casein, Seifriz found no relation 
between the surface tension of the oils or of the casein solution and the 
formation of either oil-in-water or water-in-oil emulsions, as shown in 
Table 2. 

These data reveal no apparent relationship between the surface- 
tension values of oil and the type of emulsion formed. However, there is 
a uniform increase in the surface-tension values at the rate of about one 
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dyne for every 0.02 increase in specific gravity, yet the surface-tension 
values for all the oils were far below that of aqueous casein. 

The investigations of Meunier and Maury indicate that fatty 
acids have an emulsifying action greatly superior to that of neutral fats 
and that, in tlie case of mixtures of free fatty acids and neutral fats, the 
stable emulsions which can be formed are due mainly to the former. 
They showed also that if an alkaline solution is substituted for water 
as the disDersion medium, the surface tension of contact is still further 
decreased. These in^^estigators are of the opinion that every solid or 
liquid substance capable of being precipitated or emulsified in the form of 
fine particles may act as an emulsifying agent, especially if its interfacial 
tension against the dispersion liquid is inferior to that of the oil to be 
emulsified. 

Some attempts have been made to draw a relationship between changes 
in surface tension and other characteristics of the emulsion system 
influencing emulsification, including stability. Sheppard and Sweet 
endeavored to establish a relationship between the stability of emulsions 
and the surface tension of a saturated toluene solution of gelatin, taking 
into consideration the ion concentration of the emulsifying agent, but 
the results obtained were not satisfactory; in very strong acid or alkali 
solutions, the curves of stability did not follow the curves of the surface 
tension. The experiments of Nugent proved that gelatin, when 

used as an emulsifying agent in oil-in-water emulsions, forms a film 
around the oil globules. This fact led Zhukov and Buschmakin to 
investigate the surface tension of a benzene-in-gelatin solution; they 
obtained a sharply pronounced minimum of surface tension when the 
pH of the gelatin solution, determined potentiometrically, was 5.27 
(pH = 5.25 corresponds to the iso-electric point) . Moreover, they assumed 
that the minimum surface tension at the iso-electric point is the condition 
under which gelatin contains neither hydrated nor dissociated particles, 
and the neutral molecules are packed close together on the surface of the 
benzene globules, showing maximum adsorption power. It is the opinion 
of Hartridge and Peters surface tension developed at the 

interface between oil and water varies with the pH of water. When the 
pH is low, indicating an acid condition, the surface tension is high, and 
vice versa. Near the neutral point, using olive oil and I/IOOOAT sodium 
hydroxide, they found a drop in surface tension of about 35 per cent for 
a change of pH equal to one. For paraffin and water, no such decrease 
was observed, and for benzene the decrease varied and was negligible. 

Pound 201.202 states that the interfacial tension of pure liquids in water 
is constant at a definite temperature, and that the interfacial tension 
between two liquids is less, the greater their mutual solubility. The 
interfacial tension of oils in contact with water usually varies with the 
age of the interface and frequently decreases with time. In these cases 
the interfacial tension is less than the difference in the surface tension 
of the mutually saturated liquids. Such a decrease in interfacial tension 
with time is probable, for example, with paraffinic oils and water. Fur- 
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ther, when a chemical change takes place at the interface, the intcrfacial 
tension changes; in particular, soaps of fatty acids undergo hydrolysis 
when in contact with water, and the resulting changes at the interface 
help to lower the interfacial tension. The rate of lowering of the inter- 
facial tension becomes slower as the interface grows older. 

Measurements made by Nasini, Rossi and Santa on the interfacial 
tension between mixtures of organic liquids and emulsifiers, such as 
benzene/amyl acetate, toluene/amyl acetate, benzene/toluene, nitroben- 
zene/carbon tetrachloride and benzene/liquid petrolatum, in the presence 
of sodium lauryl sulfate and water, indicate that the decrease in surface 
tension is in accordance with the findings of Mathews and Stamm.^®* 
These investigators give data for the interfacial tension of dimethyl 
aniline-heptane in water and dimethyl aniline-benzene in water, which 
indicate that up to concentrations where, because of polarity, a complete 
surface layer is formed, the interfacial layer is one molecule thick; there- 
after the thickness begins to increase. 

A parallel between surface tension and wetting ability was found by 
Nellensteyn for asphalt and tar. This investigator discusses the 
wetting ability of liquids in relation to capillary phenomena. A low sur- 
face tension enables a liquid to spread over a smooth surface, but does 
not favor its rise in a capillary tube. The surface tension of various 
mineral oils, asphalts, and coal tars was determined at 180-200° by noting 
the differential rise in wide and in narrow capillary tubes. In an atmos- 
phere of nitrogen, the surface tension of mineral asphalts varied between 
23 and 25 dynes/cm; for coal tar, the values were found to be 43.0, 46.9, 
and 32.0 dynes/cm at 20°, 50°, and 190°, respectively. 

It has been pointed oiit by Gand and Neal ®®’®® that olive oil in small 
amounts decreases the surface tension of acidified water and that large 
amounts increase it. Most oils do not alter the surface tension of water 
and alkali. From this they concluded that the chief significance of flota- 
tion is not due to the action of oil upon the surface tension. It is apparent 
that the foaming ability of the oil, and not its surface tension, is of 
importance. 

A number of investigators drew a relationship between the stability 
of an emulsion system and a change in surface tension. Groschuff*® 
reported on the stability of oil-in-water emulsions and claimed that 
neither the density of the oil nor the solubility of the water in the oil 
gives any idea of the stability of emulsions, for stability of emulsions 
at equal temperatures is a function of the surface tension, that is, the 
stability increases when the interfacial tension between phases decreases. 
As stated by Roberts, this is not necessarily true. Tretolite lowers inter- 
facial tension and breaks emulsions. California emulsions have 0-10 
dynes interfacial tension; Mid-Continent emulsions have 10-25 dynes, 
and the latter are more stable than the former. 

The addition of mineral salts, alkalies, and acids promotes the forma- 
tion of emulsions because these decrease the surface tension between 
oil and water. The action of colloids and impurities on emulsification 
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is considered to be analogous. Bechhold and Silbereisen conducted a 
series of experiments on surface tension, the results of which are given 
in. Table 3. 

Table 3 

Emulsion 

Glycerin/isobutyl alcohol 
Isobutyl alcohol/water 
1% Aqueous solution of sodium lysalbinate 
Sodium protalbinate 

The glycerin/isobutyl alcohol system, which has a minimum surface 
tension, is demulsified three times more quickly than the isobutyl 
alcohol/water system, with sodium lysalbinate as the emulsifier, the sur- 
face tension of which is forty times greater. The fact that demulsification 
of the glycerin/isobutyl alcohol emulsion does not take place at a greater 
rate was accounted for by the high viscosity, of the glycerin. When one 
per cent of sodium lysalbinate or sodium protalbinate was added to the 
isobutyl alcohol/water system, the time of demulsification, i.e., changes 
in stability, was found to increase from one minute to one to three hours, 
or 60 to 180 times, although the surface tension decreased only to a mini- 
mum extent, namely, from 1.73 to 1.715, or 1.535 dynes/cm. These investi- 
gators conclude, therefore, that low surface tension does not always 
influence the stability of emulsions. 

In a study of pharmaceutical emulsions, Marshall found no explana- 
tion for emulsification other than the fact that it is a phenomenon of 
surface tension. This investigator assumed that, when a sphere is sub- 
jected to negative surface tension, the system is evidently unstable, since 
the molecules move in the direction of greatest attraction; the sphere 
disintegrates when it is surrounded by a liquid the molecules of which 
exert a greater attraction on the molecules of the liquid sphere than on 
one another. This factor is important in demulsification. 

From experimental evidence of several investigators, it has been con- 
cluded that it is not the surface tension alone that influences the formation 
and stabilization of an emulsion, but that changes in the electric charge 
of the dispersed phase also have their effect. According to Lerch,^^® sur- 
face tension at the interface of two solvents is influenced by the distribu- 
tion of an electrolyte, and this influence is partly of an electrical nature. 
In the neutralization of an acid by a base, a point is reached at which a 
very small addition in one direction or another produces a change in sur- 
face tension (surface tension of distilled water is 72.5; 0,5N hydrochloric 
acid, 72.3 ; 0.5N sodium hydroxide, 74.4) . Kendrick assumed that there 
is a parallel between the action of certain substances upon the surface 
tension and the potential drop at the boundary surface of water and oil. 
Changes in surface tension are related to changes in electrical potential 
and, in all probability, selective ion adsorption also plays a part. Ken- 
drick^s viewpoint was disproved by Harkins.^®® 

McLewis calls the two chief factors in the equilibrium of an emul- 


Surface 

Tension 

(dynes/cm) Temp. (®C.) 

0.038 19 

1.73 19 

1.715 
1.535 
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sion particle (1) the surface tension, and (2) the electric charge. The 
concepts presented in ^^Modern Views of Electricity^^ by Sir Oliver 
Lodge also lead in this direction, namely, that the concentration of 
moisture on a charged nucleus is similar to the relation between surface 
tension and electric charge, and can be applied to the equilibrium of an 
emulsion particle. The rapid evaporation of a small globule is based 
on the curvature of its surface and on its surface tension. An electric 
charge tends to diminish this, apparently producing a small surface pres- 
sure. A charged soap bubble is slightly larger than an uncharged one. 
The actions of the surface tension and the electric charge are opposed 
to each other, one being tangential and the other radial in direction. 
Tangential tension results in a convex surface, and is directed toward 
the inside of a liquid globule, whereas radial tension is directed toward 
the outside of a liquid globule. 

Surface tension which is due to the cohesion of surface molecules in a 
liquid is an important factor, particularly for small globules, even if 
the circumference is of moderate magnitude. The repulsion obtained 
through a given electric charge is usually small, increasing rapidly as the 
charged body becomes smaller; the action of cohesion changes inversely 
with the diameter of the globule, and the action of the electric charge 
changes inversely as the fourth power of the diameter of the globule. 
Therefore, when the globule becomes smaller, both opposing tendencies 
necessarily equalize each other and the action of its curvature is 
removed; thus the globule behaves as if it were a plane. Such a globule 
can exist as readily as any liquid having a plane surface, and each 
globule will become smaller the greater the force of cohesion, finally 
reaching a state of equilibrium.^* 

By equating the capillary and electric pressures of the surface of an 
emulsion particle, Lewis found the following equation to be true: 

V? 

’’ ^ IQw^K 

He also states that if this equation is correct, the surface tension, <r, of 
such particles is only a small fraction of the tension which exists where the 
phases are separated by a plane boundary surface. 

In this manner, the literature on emulsions describes emulsification 
and conditions of stability as a function of surface-tension changes alone, 
or in connection with other factors, such as electric charge, solubility, 
wettability, etc. It cannot be claimed that a complete picture or a full 
explanation of the behavior of emulsion systems considered has been pre- 
sented. The results obtained by one investigator or another- for one 
emulsion system cannot be extended to other emulsion systems distin- 
guished by the varying nature of substances building up the single phases 
of the system. Every emulsion system must be treated according to 
various methods in order to obtain a few characteristics for that system. 
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Viscosity 

The viscosity factor must be taken into consideration in three cases, 
namely, (1) when the emulsion is prepared from a viscous oil, such as 
Stanolax (heavy paraffin oil) and water; (2) when the emulsion system is 
viscous because of the presence of by-products, or of the addition of an 
emulsifier; and (3) when the previously prepared emulsion becomes vis- 
cous on ageing, or as a result of other changes occurring in the system, 
such as variations in temperature, etc. 

Viscosity exerts a greater influence on the stabilization of emulsions 
than on emulsification itself. In the case of emulsions, one is concerned 
with the internal type of viscosity, or the internal friction. If viscosity is 
considered as giving jiermanencc to oil globules, it is referred to as 
“interfaciar^ viscosity, which makes movement between globules difficult 
and prevents coalescence by decreasing the rate of thinning of the film 
between the globules. Viscosity alone in an oil-in-water emulsion pre- 
pared from a viscous oil does not appear to be an important factor in 
rendering an emulsion system stable. Experiments have shown that 
octane/water emulsions are sometimes more stable than Stanolax/water 
emulsions. Pure liquids, true solutions and colloids are employed in the 
preparation of emulsions. There is a great difference between the vis- 
cosity of a pure liquid or a true solution and that of emulsoids, such as 
solutions of gelatin or gum arabic, which are often used as emulsifying 
agents. Bancroft,^' discussing the question whether emulsification can 
be explained by the viscosity of the emulsifying agent, stated that in the 
case of very viscous liquids (gum solutions) it is probable that high vis- 
cosity may be a deciding factor in giving permanence . to oil globules 
mechanically formed. Canals and Mousseron showed that the emulsi- 
fying ability of gum arabic and tragacanth for emulsions of olive oil and 
sweet almond oil in water varies with the viscosity of the system. Taking 
the viscosity of water as a unit, tragacanth was found to be more efficient 
than gum arabic when the viscosities were high (16.0 and 15.4, respec- 
tively) ; but at low viscosities (7.1 and 9.2, respectively) gum arabic was 
much more efficient than tragacanth. From this, these investigators con- 
cluded that ^^it is quite probable tluit the two gums stabilize emulsions in 
different ways.’^ 

That even very high internal viscosity will not make an emulsion 
permanent in some cases has been shown by Hillyer for such viscous 
solutions as 50 per cent glycerin and 6 per cent gum, which would not 
emulsify kerosene, or even so viscous an oil as cottonseed. Then again, 
viscosity may have very little to do with the emulsifying power, as for 
example, in the case of dilute soap solutions containing about one per cent 
of sodium oleate. It is a fact that soaps are excellent emulsifying agents; 
but they may have such low viscosity that accurate measurements are 
necessary to prove them more viscous than water. Thus, internal vis- 
cosity of a liquid does not always account for its emulsifying power. 

Saponin or albumin solutions have a high surface viscosity. This 
type of viscosity hinders the withdrawal of films of saponin from between 
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oil droplets in a saponin-oil emulsion, and consequently is responsible 
for the permanence of the emulsion. A high internal viscosity or high 
surface viscosity may play a role in retarding the thinning of the inter- 
facial film and thereby assist in maintaining the emulsion. 

Hober states that the emulsifying agent itself must be a colloid, and 
considers a stable emulsion analogous to a colloidal suspension which has 
been rendered stable by means of a protective colloid. Freundlich is 
of the opinion that colloidal substances, such as soaps, glue, starch and 
albumin, are especially effective as emulsifying agents because they diffuse 
slowly and their adsorption and equalization of differences in concentra- 
tion does not take place rapidly; therefore differences in surface tension 
remain long enough to allow mechanical action to take place. 

In Beck's experiments on the viscosity of suspensions of oil in water 
in the presence of emulsifiers, it was found that the viscosity of a liquid 
is essentially increased only when the suspended particles are present in 
such an amount that they are brought into contact with one another, as is 
the case in sludge formation. It is interesting to note that fine suspensions, 
as obtained in colloidal solutions, influence the constant of internal vis- 
cosity, or friction, of the suspension medium. This can be explained by 
the fact that the suspended particles collide with one another at distances 
of molecular dimension. 

Of interest has been the question whether, starting with a definite 
concentration of a suspended oil analogous to sludge formation or col- 
loidally dissolved substances, there is an increased influence on the vis- 
cosity. The first experiments with a cholesterol-in-water emulsion gave 
no tangible results; therefore a castor oil-in-water emulsion containing 
gum arabic was substituted. A correction factor was introduced into this 
experiment because gum arabic itself increases the internal friction. The 
results obtained by Beck indicate that a suspension of oil in water up to 
10 per cent of oil has no essential influence on the constant of internal 
friction. Higher concentrations of oil cannot be used because of separa- 
tion into its respective components. In the presence of gum arabic as 
the emulsifying agent, the viscosities of the emulsions showed a marked 
increase even at low concentrations. Beck attributes this to the fine dis- 
persion of the oil which, in this case, was nearly colloidal. Changes in 
the internal friction of an emulsion system evidently depend upon 
the degree of dispersion of the oil globules. With a predominance of 
small-sized globules, conditions analogous to those of a colloidal system 
are obtained; temperature changes and other factors may produce a 
change in viscosity. The presence of colloids in such an emulsion system 
may also effect a change. 

Monson postulated that the viscosity ratio: 

viscosity of emulsion at F. 

viscosity of clean oil at F. 

may be considered as a general index of emulsion stability. Viscosity 
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ratios were determined for twenty water-in-oil emulsions prepared from 
five California crude oils, and their maximum viscosity ratios were found 
to be as in Table 4: 


Table 4. Maximum Viscosity Ratios 


Crude Oil 
Water Content 
(%) 

10 

20 

30 

40 


Viscosity Ratio 

1.3 

1.8 

2.7 

4.1 


It was also found that a straight-line viscosity-temperature curve is a 
good index of the stability of the emulsion. The curves for less stable 
emulsions were found to bend down at high temperatures, whereas curves 
of more stable emulsions remained a straight line. Furthermore, if the 
viscosity ratio of an emulsion gives a relatively straight-line curve for two 
temperatures, e.g., 100 and 185® F, the viscosity ratio will be more nearly 
the same at the two temperatures, the more stable the emulsion. If the 
emulsion is relatively unstable, the ratio for the higher temperature will 
be considerably lower than that for the lower temperature. The greater 
the difference between the two temperatures the greater the accuracy of 
the test. 

A change in viscosity has been ascribed by Lipatow to an aggrega- 
tion of particles, and therefore to a decrease in the degree of dispersion. 
Two types of processes are offered as an explanation: (1) that of sus- 
pensoids, in which the ageing process is combined with a decrease in 
stability — an irreversible process; and (2) that of emulsoids, in which 
the ageing process is combined with an increase in viscosity and a decrease 
in the degree of dispersion with an increase in stability — a reversible 
process. Suspensoids and emulsoids age for different reasons. Sus- 
pensoids change in viscosity because of further aggregation of particles; 
emulsoids, because of a slow process of hydration, that is, adsorption of 
water resulting in a change in volume and therefore in the size of the 
particles. It is Ostwald^s opinion factor is perhaps 

the greatest variable in the viscosity of hydrated colloids. In all deter- 
minations on the viscosity of typical colloids, different values were 
obtained, depending on the age and the rate at which the temperature 
changes. Viscosity increases with age and tends to approach a final value, 
S-shaped curves being obtained. 

Einstein’s equation for viscosity: 


iji= 170 (1 + 2.5Q) 


where 171 rjo is the viscosity of dispersion and that of the continuous phase 
and Q the fraction of the total volume which is the disperse phase, postu- 
lates that viscosity is a linear function of the concentration of the disperse 
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phase and independent of the size of the dispersed particles and the dis- 
tance between them. Hatschek based his equation: 



on geometrical principles. In contrast to Einstein's equation, it is 
applicable to dispersions in which the disperse phase exceeds 60 per cent 
of the volume of the system. With a rotating cylinder type of viscometer, 
the viscosity was found to be a function of the speed of rotation below 
the critical. For velocities above the critical, the following equation holds 
true: 

Vo 

V = 

1 - 

Hatschek further assumes that the diameters of the particles lie within 
the limits between which Stokes' formula is applicable; also, that in the 
case of highly viscous emulsions or emulsoids, a certain phase relation 
plays an important role, indicating that the content of the disperse 
phase must be such that the mobility of the disperse phase assumed for 
the formula no longer exists, and approaches or even exceeds 74 per cent 
of the disperse phase. This does not hold true. Parallel measurements 
of viscosity and photomicrographic determinations of the distribution of 
particle sizes of paraffin emulsions in a one-per cent sodium oleate solution 
were carried out by Sibree 248,249 prove Hatschek's assumption that the 
viscosity for the same type of emulsion is independent (over a wide range) 
of the size of particles or particle size distribution. Hatschek's formula 
for the relationship between concentration and viscosity has been proved 
by applying comparable constant viscosities. 

Brillouin,^® studying Brownian movement in an emulsion having a 
viscosity 160 times greater than water, showed that this phenomenon may 
be constant even for a viscosity 3200 times greater. Prior to Brillouin's 
experiments, Perrin, as well as Bjerrura,^®^ studied Brownian movement, 
and proved the principle of equal distribution of kinetic energy in aqueous 
emulsions of low viscosity. 

Bancelin,® in his experiments on a gamboge and mastic suspension, 
found a discrepancy in Einstein's equation: 

a:' = a: (1 + 2.60) 

which he revised to read: 

a:' = a: (1 + 2.90) 

(based on experimental results obtained), where K' is the viscosity coeffi- 
cient of the emulsion; Al, the viscosity of the pure liquid, and <^, the 
total volume of the suspended particles in a unit volume. 

Soap solutions readily yield permanent foams owing to their low 
surface tension and low viscosity. Plateau defined two viscosities 
for a liquid capable of foaming, namely, the internal viscosity due to 
internal friction, and the superficial viscosity which resists the movement 
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of a body situated in the air/liquid interface. According to the type of 
viscosity, Plateau classified all liquids and solutions into three classes: 

Class 1, in which superficial viscosity is twice the internal viscosity. 
Example: water and most aqueous solutions. 

Class 2, in which superficial viscosity is a fraction of the internal 
viscosity. Example: alcohol, turpentine, and ether. 

Class 3, in which superficial viscosity is many times greater than the 
internal viscosity. Example: albumin solutions. 

In an investigation of the relationship between emulsification and 
viscosity. Smith pointed out that viscosity at the liquid/liquid inter- 
face ^^nterfacial viscosity,^* and not “superficiar^ viscosity at the air/liquid 
interface as measured by Plateau, is of first importance in the study 
of emulsions. According to Plateau’s classification, the viscosity favoring 
emulsion formation is superficial viscosity, which is greater than internal 
viscosity. From results presented in Table 5, it is to be expected that 
liquid parafiin would give the poorest emulsion and benzene the best. 

Table 5 

Interfacial 

Disperse Phase Tension 

Pure benzine 33.6 

Benzene 22.6 

Liquid paraffin 44.6 

(Kaolin present in all three cases) 

The viscosity of the interfacial film produced when a solid is intro- 
duced into the interface has been investigated, using the method of 
Stables and Wilson^®®* (refer also to Grotian®®*). The various discs 
(brass, glass, nickel) were suspended in such a way that the interface 
of the investigated liquids was half-way up the side of the container, the 
interfacial viscosity observed being the logarithmic decrement. 

The best emulsions are formed by kaolin which, as stated, is preferen- 
tially wetted by water. In one or two cases solids were found which gave 
evidence of emulsifying, but showed no appreciable interfacial viscosity. 
Copper sulfide and lead carbonate are representative examples. On the 
other hand, aluminum hydroxide and lead chloride have a high interfacial 
viscosity but a comparatively poor emulsifying ability. Most of the solids 
chosen were selected from a list prepared by Hofmann and Rcinders 
as being typical of those which tend to collect at the interface. This 
investigation has shown that solids of good emulsifiability have, as a rule, 
high interfacial tension. 

Very often experimental results do not permit estimating accurately 
the influence of viscosity for, in most instances, it is difficult, if not 
impossible, to differentiate between the effect of viscosity and the influence 
of other factors effecting changes at the same time. When solutes change 
the viscosity of a liquid, they affect the surface tension at the same time. 
Clark and Mann,^® in a study of the emulsifying ability of sucrose and 
certain colloids for benzene and kerosene emulsions, made a comparative 
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study of viscosity and interfacial tension. Commenting on the results 
which they obtained with sucrose, they are of the opinion that viscosity 
is of first importance. Dextrin was found to be a better emulsifying agent 
than starch, but viscosity was found to be of secondary importance. 
Further, Clark and Mann discuss viscosity from the standpoint of emulsi- 
fication, and classify it as of two types, namely, that of a molecular 
dispersoid, which has a true internal viscosity or internal friction resisting 
any molecular movement, and that of an emulsion, which offers no such 
resistance. Sugar has a true internal viscosity, or friction, which resists 
molecular movement, whereas dextrin, starch, gelatin, and albumin, in 
solutions of equal viscosity, offer no such resistance. These investigators 
attribute this resistance to the fibrous or granular structure of the gel- 
forming substances in solution, through the interstices of which colloids 
or crystalloids pass readily, exhibiting viscosity by virtue of their 
deformation as measured by the force required to pass through the 
capillary of a viscometer. Low interfacial tension and high viscosity pro- 
duce favorable emulsifying conditions in gum-arabic solutions. On the 
other hand, egg albumen, by far the most effective in emulsification, has 
the least effect on the viscosity of the system. 

Many viscous solutions are poor emulsifiers. Pickering states that, 
although high viscosity and low surface tension in a liquid may facilitate 
the emulsification of an oil, yet emulsion formation may also occur in a 
liquid which does not possess either of these properties. Further, it is 
to be understood that a viscous liquid should show a tendency to slow 
down the coalescence of oil globules but, when interpreted in terms of 
emulsification, no important role can be ascribed to viscosity. Even the 
emulsifying ability of dilute soap solutions, which are not viscous, may 
be destroyed by increasing the concentration, i.e., the viscosity, above a 
certain point. The insoluble solids which Pickering first used as emulsify- 
ing agents would no doubt have very little affect on the viscosity of the 
liquids emulsified. 

Holmes and Child,^*® from their study on the emulsification of kero- 
sene in an aqueous solution of gelatin, made more or less viscous by the 
addition of salts, concluded that the most important factor in emulsifica- 
tion of oil in water with the aid of gelatin was not the maximum, but 
the most favorable viscosity. Although this conclusion refers to gelatin, 
it may be applied to all highly hydrated compounds. 

It has been pointed out by Augustin * that soaps, when used as effective 
emulsifiers, must be worked up into a viscous mass, for the lighter the 
emulsion liquid, the less its resistance to emulsification, since there is a 
relationship between viscosity and the percentage emulsified. If emulsi- 
fication takes place immediately in a weak soap solution, it is possible 
to determine emulsification at once by the increase in viscosity. This 
increase in viscosity upon emulsification Pickering explains as being 
due to the great increase in the oil/water surface when the oil is reduced 
to minute globules. Actually, the viscosity of emulsions is independent of 
particle size. An ordinary emulsion, although containing 70 to 80 per 
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cent of mobile parafBn oil, is as viscous as thick cream, and its viscosity 
increases in proportion to the amount of oil present, even when that oil 
is a very light one, such as benzene. With a very high oil content^ the 
emulsion becomes practically a solid. Viscosity tests of emulsions formed 
in the laboratory showed a gradation in the emulsified oil ranging from 
a slightly viscous to a highly viscous, semi-solid emulsion. As the per- 
centage of oil increased, the emulsion became more viscous until a semi- 
solid, plastic mass was formed. 

In the preparation of benzene-in-water emulsions of different con- 
centrations of benzene, using sodium oleate for the oil-in-water type and 
magnesium oleate for the water-in-oil type, both soaps being a 5-per cent 
solution, Richardson effected a homogeneous distribution of particle 
size of the emulsion system by spraying the components through a hole 
against a reflection plate. Viscosities were measured with the Couette 
apparatus, and it was found that emulsions having a very high percentage 
of disperse phase are almost always solid and, as a result, flowing takes 
place only above a definite shearing stress. No influence of surface ten- 
sion on the internal viscosity of the system was noted. An equation 
based on theoretical principles for the viscosity-concentration function 
was formulated by Richardson, who is of the opinion that its constant 
is dependent on shearing stress. 

Narayanaswamy and Watson,^^^ working with gasoline-in-water 
emulsions and using the oleates of sodium, triethylammonium and ammo- 
nium as emulsifiers, observed that freshly prepared emulsions gave very 
irregular results with respect to viscosity measurements but, in the 
absence of air, reproducible values were obtained. The relation between 
viscosity and composition in most cases is logarithmatic in type over a 
considerable portion of the stable range, but the equation relating con- 
centration and viscosity is not that of Arrhenius. 

From the results obtained in a study of pharmaceutical emulsions, 
Marshall concluded that viscosity influenced the size of the emulsion 
globules and affected their permanence, but otherwise had no theoretical 
significance. Further, he stated that an increase in the viscosity of an 
emulsion may be obtained by: (1) increasing the viscosity of the emulsi- 
fying agent, that is, by the addition of a gelatinous or a similar substance ; 
(2) decreasing the size of the emulsified globules (the smaller the glo- 
bules, the greater the viscosity of the emulsion, other things being equal) ; 
and (3) adding more material to be emulsified, that is, establishing a 
greater ratio of dispersed material to the dispersion medium. 

Many investigators in the field of emulsions have accepted the con- 
clusion that viscosity aids emulsification solely by virtue of the hindrance 
offered to coalescence of the dispersed globules, and is not the cause of 
emulsification. Holmes and Child, studying the dispersion of kerosene 
in gelatin solutions as a function of viscosity, as well as the relation of 
viscosity to emulsion stability, concluded that * Viscosity plays the domi- 
nant part in the stability of gelatin emulsions” and not the interfacial 
tension, although they were unable to prove the presence of a film of 



22 


EMULSIONS AND FOAMS 


gelatin adsorbed at the surface of the kerosene globules. It is easy to 
confuse the effect of viscosity on the formation of an emulsion and its 
influence on the stability once the emulsion is formed. However, it is 
to be expected that high viscosity renders the diffusion of one liquid 
through another liquid diflBcult, thereby retarding emulsification, although 
the rubbing of one phase against the other might, to some extent, aid 
dispersion. In the work of these investigators, the viscosity of the liquid 
systems was varied by the addition of salts whose action in causing 
liquefaction and solidification of gelatin is far more complete than the 
mere mechanical action of altering the viscosity, for “the leading factor 
in oil-in-water emulsification with the aid of gelatin is viscosity, not the 
maximum, but the most favorable viscosity.” 

It has been reported by Fan to and Spriter^® that of the two possible 
forms of two-phase liquid emulsions, the more stable form is that in 
which the continuous phase is a liquid showing a high surface viscosity, 
that is, the one inclined to form a film. The viscosity of the interface 
may be decreased by the addition of substances employed for the reso- 
lution of emulsions. Metcalf stated that when peptone is placed on 
a water surface, the surface viscosity and the stability increase in the 
same direction as the thickness of the film. White and Marden have 
shown that the viscosity of an emulsion affects its stability. Therefore, 
concentrated emulsions prepared in soap solutions, using viscous linseed 
oil, are more stable than the more mobile, liquid kerosene and benzene 
emulsions prepared in solutions of cane sugar. 

It has been shown by Ramsden that solid or highly viscous 

coatings are formed more or less readily on the free surface of all protein 
solutions capable of forming persistent emulsions without having a high 
viscosity, and that similar films of viscous matter form at the liquid/ 
liquid interface. Rayleigh observed that the surface tension of 

fresh soap solutions is frequently greater than that of aged solutions. 
This phenomenon was also noted with saponin solutions, Rayleigh attrib- 
uting the reduced surface tension to the presence of an insoluble film on 
the surface of the aqueous solution. A similar explanation was offered 
by Marangoni.^®® 

Broughton and Squires,®^ investigating the viscosity of oil-in-water 
emulsion systems prepared with aqueous solutions of sodium oleate, 
saponin, and triethanolamine oleate (1, 2, and 3 per cent by weight, 
respectively) as continuous phases, and Nujol, benzene, and olive oil as 
disperse phases, found that these emulsions behave as non-Newtonian 
liquids and that viscosity is not a constant for any given emulsion, but 
varies with the rate of shearing. These experiments also indicate that 
the limiting viscosity (the asymptote of the viscosity versus rate of shear- 
ing curve) at infinite rate of shearing increases with an increase in the 
volume concentration of the disperse phase. With respect to the effect 
of the type of emulsifier/stabilizer- employed on the viscosity of a given 
phase-pair, it has been found that those stabilizers emulsify the best 
which give emulsions having the lowest limiting viscosity. 



THEORY OF EMULSIONS AND FOAMS 


Rossi investigated the viscosity of paraffin-oil emulsions in a 3-per 
cent aqueous sodium oleate solution (pH = 8.9 at 20®), rotating the 
cylinder type of apparatus used at variable speeds; emulsions of various 
concentrations, namely, 10, 20, 30, 35, 40, and 50 per cent (by volume of 
the disperse phase) were measured. Likewise, viscosity measurements 
were made for emulsions having a pH of 9.3 (by addition of sodium 
hydroxide) . Both sets of emulsions were homogeneous and contained as 
dispersed particles those having diameters of 1.80-1.85 /li. The results 
obtained indicate that, whereas the size of the particles affects but little 
the limiting viscosity value i;*, the size has a considerable effect on the 
path of the viscosity curves. This was also found to be true of the 
pH value. To explain this, it is assumed that these factors affect the 
lyophilic shell surrounding the dispersed particles, and that their action 
is slight when this shell is highly deformed, i.e., when the zones in the 
immediate area of the surfaces of the particles enter into play. Within 
the range of velocities used in the experiments, practically all emulsions 
appeared to conform to the relation expressed in the following equation: 

,r = 7r.+ (A7jj)(l-e-«0) 

The properties of the investigated lyophilic emulsions were found to be 
better represented by the values of the constant K in the equation than 
by their viscosities measured at very high velocities. 

v<fhe emulsification and stabilization of emulsions as a function of 
viscosity clearly shows that viscosity, in some cases, actually does favor 
the permanence of the system and, indirectly, emulsification; in other 
cases, it does not, depending on the nature of the system. Often sub- 
stances added as emulsifying agents not only change the viscosity of the 
system, but also affect other properties, for instance, particle size and 
emulsifying ability; they even cause chemical changes. The most plau- 
sible explanation of the effect of viscosity on emulsification and in con- 
tributing to the permanence of the system apparently is the one given by 
Bancroft, as well as Hillyer, namely, that viscosity is not the cause of 
emulsification, but aids it, in some cases solely by virtue of the hindrance 
offered to the coalescence of the dispersed globules, and that, because of 
the high internal viscosity, the thinning of the invisible film separating 
the globules is so slow as to render the emulsion system permanent. The 
viscosity factor may also enter into the mechanism of emulsion forma- 
tion with regard to decreasing the rate of adsorption. In the resolution 
of emulsions, viscosity may decrease the mobility of the droplets consti- 
tuting the disperse phase, thereby retarding their approach and coales- 
cence. 

Solubility 

Emulsification without an emulsifier has been considered possible. 
Groschuff claims to have prepared very dilute emulsions of water in 
benzene and mineral oils by heating the water and oil in a sealed tube 
and then cooling to 18® C. The emulsion in benzene was stable for a few 
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minutes, that in petroleum for one hour, while paraffin oil, and particu- 
larly transformer oil, gave stable emulsions. There is no evidence that 
emulsifying agents were absent from the petroleum oils tried. Similar 
results were published by Hall.®^ In the experiments conducted by Pick- 
ering,^®*»^®^ very concentrated emulsions were prepared when even 99 per 
cent by volume of oil was emulsified in dilute soap solution. 

Emulsions containing as much as 99 per cent of ordinary illuminating 
oil have been obtained, the remainder being a one-per cent soap solution. 
Such strong emulsions, however, cannot be obtained directly; they must 
be prepared by taking a weak emulsion and gradually increasing the oil 
content, churning it after each addition. Even these strong emulsions 
may be considered true oil emulsions. Any emulsion (even 99 per cent) 
will mix perfectly with water to form a weak emulsion, but will not mix 
with more paraffin unless that paraffin is emulsified with it by further 
churning. An ordinary emulsion, although containing 70 to 80 per cent 
of mobile paraffin oil, is as viscid as thick cream, and its viscidity increases 
with the proportion of oil present, even when that oil is a very light one, 
such as benzine. With a very high percentage of oil, the emulsion 
becomes practically solid, resembling blanc mange. When paraffin oil is 
churned with a solution of soft soap, an emulsion is formed which rises 
to the surface and generally contains 65 to 82 per cent by volume of oil. 
Emulsions containing as much as 99 per cent by volume of oil can, how- 
ever, be obtained, but these are so stiff as to be almost solid. The char- 
acter of the oil does not greatly affect the results; neither docs the extent 
of churning, nor the proportion of soap, so long as this proportion is 
within certain limits.^®^ 

Lewis states that in the absence of an emulsifying agent emul- 
sions of oil in water may be made up to a maximum concentration of 
2 per cent. Usually, oil-in-water emulsions without an emulsifier are 
very dilute (oil content, 1 part in 10,000), so that in practice they are of 
little significance. This investigator also claims that if a small amount of 
oil is boiled with water in a reflux condenser, a dilute emulsion may be 
obtained. Clayton is of the opinion that a knowledge of the mechanism 
of solubility of emulsions is insufficient to account for the fact that in 
general pure two-phase systems appear to be stable only over low con- 
centration ranges. It has been suggested by Berkman, as well as by 
Egloff, that the preparation of two-component emulsions may be possible, 
but only under certain conditions of emulsification, provided the disperse 
phase is in a very fine degree of division. For example, when oil and 
water are forced through fine capillaries under high pressure, a stable 
emulsion results. In practice, stable emulsions are usually formed in the 
presence of an emulsifying agent. 

The nature and function of an emulsifying agent greatly influences 
emulsification. It is Wilson’s belief that an emulsifier has two distinct 
functions: (1) to lower the interfacial tension, and (2) to stabilize the 
emulsion first formed. Emulsifying agents are of two types, namely, 
molecular or colloidal solutions, and finely divided solids in supension. 
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However, no particular experimental study has been made of emulsifying 
agents in molecular solutions; in fact, it is generally believed that emulsi- 
fying agents, with the exception of the fine-grained precipitates first used 
by Pickering, must be colloidally dispersed. The emulsifying agent may 
be added as a suspension to the internal phase, dispersed in the contin- 
uous phase, or formed by chemical action at the interface. Moreover, 
two cases must be differentiated: (1) that in which a substance (emulsi- 
fier) having naturally colloidal properties is added to the emulsified sys- 
tem and, under the existing conditions of the system and in the presence 
of electrolytes or with changes in temperature, etc., becomes a molecular 
solution; (2) that in which a molecularly dissolved emulsifier transforms 
the molecular component present in the emulsion into the colloidal state. 

A third group of emulsifiers, usually soaps, which are classified as a 
special group of colloids called colloid-electrolytes, includes systems in 
which equilibrium exists between molecularly and colloidally dispersed 
parts. In most cases, this equilibrium is displaced by two factors, namely, 
temperature and concentration, and this fact complicates the conditions 
existing in an emulsion which has been emulsified and stabilized with 
soap. If soaps present as emulsifiers are colloidally dispersed, as is so 
often indicated in the literature, then the question arises why it has not 
been proved (often colloidally dispersed soaps, as seen under the ultra- 
microscope, using the Szegvary diaphragm, show distinctly long thread- 
like particles in addition to the usual round particles) . 

According to Friedel,*^® soaps are in the ^‘smectic^^ state, which is a 
mesophase of liquid crystals. It is important to know that only soaps of 
rather high concentration are colloidally dispersed, whereas very small 
amounts of soap can act as good emulsifiers, irrespective of the colloidal 
nature of the soap. The assumption that emulsifying agents are always 
colloidally dispersed is incorrect. It must be pointed out that even, a 
substance in a colloidal state, when added to a new system, sometimes 
retains and sometimes loses its colloidal properties, depending on the 
type of system to which it has been added and the physical factors 
involved. In an emulsion stabilized with soap, there are to be considered 
not only the dispersion of one liquid in another, but also the soap-in-oil 
and soap-in-water solution systems, together with their respective equi- 
librium factors. Moreover, commercial soaps used as emulsifiers contain 
various fatty acids which may produce their own emulsoids. By diluting 
such soap solutions with water, the molecules may partly split up into 
fatty acids and caustic. This hydrolysis apparently has an important 
bearing on the behavior of an emulsion system. 

There is very little difference between potassium soaps and sodium 
soaps in solution, except that the former are rather colloidally dispersed, 
solidify at much lower temperatures, and possess a greater tendency to 
exist as transparent liquids, which are often very viscous. To obtain the 
same solidification or crystallization as with sodium soaps, higher con- 
centrations of potassium soaps having a greater carbon content must be 
used and, in addition, a much lower temperature. Potassium soaps are 
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lore soluble than the corresponding sodium soaps. As a rule, soap solu- 
ions which readily crystallize can be easily salted out with concentrated 
alt solutions. McBain advanced the theory that soap solutions are 
alts in which an ion is replaced by an ionic micelle exhibiting high elec- 
ric conduction and great solvation, and that they carry a large number 
f electric charges. While very low concentrations may result in the 
irmation of simple electrolytes, high concentrations or the addition of 
ther substances may lead to the formation of a neutral colloid. This 
)nic micelle of high valence and hydration explains the high conductivity 
nd viscosity of colloidal electrolytes. Concerning the constitution of soap 
olutions, it may be said that, when very dilute soaps are partially hydro- 
irzed, the resulting product is either in a coarse or a colloidal suspension 
nd consists of a neutral salt (NaR) and an acid soap (NaHR2), where 
I is the radical of the fatty acid. 

All soap solutions contain free hydroxyl ions. For example, in a tenth 
nrmal solution in wnich soaps are used as emulsifiers, soaps are com- 
losed chiefly of simple electrolytes in molecular solution with simple ions, 
nd the hydroxyl ion concentration is about 1 /lOOOA^. As the concentra- 
ion increases, the fatty acid ions rapidly coalesce and form ionic micelles, 
n a iiV or a liV solution, the colloidal electrolyte comprises all the soap. 
Jcoholic soap solutions are entirely different in their behavior, for the 
oap is present throughout the concentration range as an unhydrolyzed 
lectrolyte. 

Kremnew and Papkowa-Kwitzel found that the greater the hydra- 
on of alkali cations (Li > Na > K > Rb) , the greater the decrease in the 
mulsibility of sodium oleate. This is also true of anions of sodium 
alts, as well as of acids (SO4 > Cl > NO3), and applies equally well to 
.Ikaline-earth cations (Mg > Ca > Ba) . For low salt concentrations, a 
aaximum increase in the emulsibility of sodium oleate takes place, as the 
esult of a retardation in the hydrolysis of soap through neutral salts, 
i'urther, these investigators attribute the slow decrease in the emulsifying 
ability of high concentrations of electrolytes to the dehydrating action 
ff the added ions (cations and anions) on the soap, which becomes more 
lydrophobic. This ^‘hydrophobization” is interpreted as a reaction in 
\rhich the soap and acid molecules form complex compounds while accu- 
nulating reciprocally with their polar groups. The addition of electro- 
ytes, however, decreases the hydration '‘covers” of these groups and thus 
exerts a lyotropic influence which Kruyt and Edelman designate as 
m "action at a distance.” This lyotropic "effect” is due to the hydro- 
)hobization of alkali soaps in which the association of molecules plays a 
lignificant part. 

An emulsifying agent in most cases is molecularly or colloidally solu- 
3 le, either in one or both liquids which it emulsifies. The liquid which 
iissolves the emulsifier generally forms the external phase. Emulsifying 
jubstances soluble in water have the tendency to form oil-in-water emul- 
jions, while those soluble in oil form emulsions of the reverse type. Two 
principal factors enter into the discussion of an emulsifier, namely, that 
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the emulsifying power is related to the colloidal state of the emulsifying 
agent, and that the phase in which it is soluble becomes the continuous, 
not the discontinuous, phase. If the emulsifying agent goes into a col- 
loidal solution in one phase, but is precipitated by the other then, accord- 
ing to Padgett,^®® the latter phase is disperse, making possible the 
formation of a water-in-oil or an oil-in-water emulsion, depending upon 
whether or not the emulsifying agent is a hydrophobic or a hydrophilic 
colloid. 

Bancroft,®’^® commenting on Hober^s assertion, states, “had he been 
considering the general problem, he would probably have made the state- 
ment that an oleophilic colloid should be used as an emulsifier, if it is 
desired to prepare an emulsion of water-in-oil.” This statement, 
expressed otherwise, declares that if liquids A and B are to be emulsified, 
and the emulsifying agent is more easily peptized, that is, subdivided 
into particles of colloidal size, by liquid A, then liquid B will be dispersed. 

In an investigation of soaps of low molecular weight fatty acids con- 
ducted under varying conditions of temperature, concentration, and 
medium of reaction and in different solvents, such as acetates, propionates, 
butyrates and valerates, it was found by Mayer, Schaeffer and Ter- 
roine that even in saturated solutions at 18 ° C no colloidal character- 
istics, such as transmission of light, presence of ultramicroscopic particles, 
or diffusion through a permeable membrane such as collodion were seen, 
whereas solutions of O.liV sodium caprylate showed a slight diffusion of 
light and indicated the presence of ultramicroscopic particles (the normal 
solution shows a great number of ultramicroscopic particles) . Saturated 
solutions of sodium laurate, sodium palmitate, and sodium stearate 
exhibit the same phenomena. These substances are completely hydro- 
lyzed by dialysis over a long period of time, and for the same soap the 
colloidal character is more apparent, depending upon the transition from 
a neutral solution to an alkaline or an acid solution. The appearance of 
the colloidal state in soaps is attributed by these investigators to hydroly- 
sis occurring in aqueous solutions. The low molecular weight series of 
fatty acids gives all possible combinations with water, and those soaps 
which are in molecular solution are miscible with water. The middle 
members of the fatty acid series are liquid and not miscible with water, 
giving two-phase solutions and some turbidity. The size of the dispersed 
globules increases with the addition of acid, whereas the addition of alkali 
decreases it, but the globules do not disappear, an ultramicroscopic sus- 
pension of soap being formed instead. The higher members of the fatty 
acid series, which are more or less soluble, show ultramicroscopic or 
microscopic particles, and precipitate on addition of strong acids, giving 
ultramicroscopic suspensions; addition of alkalies causes formation of 
high molecular weight soaps. When a fatty acid soap is displaced by an 
acid, the upper phase passes from the suspended to the agglomerate state, 
and the middle phase from a molecular solution to an ultramicroscopic 
suspension (the precipitation of the external phase apparently does not 
cause any modification). 
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Gurwitsch®^ believes there is a reason for the varying behavior of 
soaps in aqueous or alcoholic solutions as observed in the colloidal char- 
acter of aqueous soap solutions because other colloidally dispersed sub- 
stances, such as gelatin, casein, water-soluble gums and resins, as well as 
resins, asphalts, and naphthenic soaps which acciir in crude oils, show a 
similar action, that is, the surface tension decreases markedly at the oil- 
water interface and occasionally these substances show a great tendency 
to emulsify. Donnan and Potts,®® as well as Krafft,^®® stated that the 
emulsifying power of the fatty acid salts begins at the point at which 
formation of colloidal solutions starts. It is Brigg’s opinion®® that in 
every case the investigation has shown the apparently soluble emulsifier 
to be in colloidal suspension in the external phase of the emulsion. 

In an investigation of emulsions prepared with iodine. Holmes and 
Cameron found that this halogen has an emulsifying ability only when 
in the colloidal state. This phenomenon is not shown by bromine or 
chlorine, nor by such salts as sodium iodide or calcium iodide (evidently 
a film of colloidal aggregates of iodine is formed at the liquid/liquid 
interface), von Ammag observed that reddish-brown solutions of 
iodine in carbon disulfide, carbon tetrachloride, chloroform, and petroleum 
showed practically no ultramicroscopic particles, whereas colloidal aggre- 
gates of iodine were readily found in amyl acetate solutions and in amyl 
alcohol. Emulsification of carbon disulfide, carbon tetrachloride, and 
chloroform in water, using iodine as an emulsifier, was unsuccessful, 
whereas emulsions of amyl alcohol, amyl acetate, and ethyl acetate dis- 
persed in water were readily prepared with the aid of iodine. The film 
formed is a Gibbs adsorption film rather than one of mere precipitation. 
However, it is Hildebrand^s contention that the brown color of certain 
iodine solutions is due to the formation of iodine compounds. While many 
investigators are of the opinion that an emulsifier must be a colloid by 
nature, or be present in the emulsion in a colloidal state, there are many 
exceptions. 

Clark and Mann,^® in a study of the emulsifying efiiciency of sucrose 
for benzene and kerosene emulsions, state that though sugar furnishes 
a large and favorable viscosity, it does not compare as an emulsifying 
agent with even minute concentrations of other substances in which the 
viscosity factor is practically negligible. That aqueous solutions of alco- 
hol and alkali salts of higher fatty acids are present not only in the col- 
loidal state, but also in the form of simple molecules, and therefore fail to 
lower the surface tension and show a tendency to emulsify, has been 
shown by Krafft.^®® The same apparently holds true for the sulfonic 
acids formed from crude-oil products obtained by sulfuric acid refining. 
In aqueous solutions they are present in the free state and also as col- 
loidally dispersed alkali salts, as indicated by the ease with which they 
are salted out and their tendency to foam. When a sufficient amount of 
alcohol is added, the colloidal complexes are split into simple molecules 
and sulfonic acids and their salts lose their emulsifying power. 

It is the opinion of Holmes and of Holmes and Williams that 
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polyvalent alcohols are not useful as emulsifiers. While methyl and ethyl 
alcohols, as well as allyl alcohol, are able to emulsify benzene in water, 
phenol and resorcinol were found to be more satisfactory; naphthols and 
benzyl alcohol are not satisfactory. Experiments carried out with acids 
showed that the activity of all fatty acids up to caprylic was similar to 
that of aromatic sulfonic acids. A more favorable action was noted for 
the sodium salt of )S-naphthol sulfonic acid than for the free acid. Esters, 
aldehydes, ketones, and nitriles exhibit no special phenomena when used 
for emulsification. A great difference exists between the emulsifying 
ability of soaps and those of the low molecular weight alcohols; but it 
is important to know that certain substances in molecular solution do 
form emulsion films. According to these investigators, film formation is 
due to the aggregation of alcohol in benzene, in which water should be 
the disperse phase; actually, it is the benzene that is dispersed. Pro- 
teins and soaps are polar compounds, the molecules of which form large 
colloidal aggregates because of their attraction by both phases; therefore 
their films have greater strength in emulsions. 

It would be difficult to describe at length the behavior of the many 
substances which have been investigated with regard to their emulsify- 
ing ability. Thus far, no systematic attempt has been made to arrange 
all the emulsifiers in the order of their ability to promote and maintain 
stable emulsions,^®^ but they may be classified roughly into three groups, 
namely, those which give true emulsions, those which form imperfect or 
quasi-emulsions, and those which do not emulsify at all. Good emulsify- 
ing agents are soluble or partially soluble substances, among which may 
be mentioned soft soaps, soluble starch, milk, glue, egg albumen, saponin, 
and quillaia bark (soap bark) , suitable when the proportion of oil present 
is not large. Other emulsifiers are calcium carbonate, calcium arsenate^ 
lead arsenate, freshly precipitated zinc oxychloride or basic zinc chloride, 
fine, dry unheated clays, such as Oxford clay, ferrous hydrosulfide, 
glycerol,® and rosin for emulsification of water in benzene; sodium 
resinate (pure resin soap)^® is not so effective as sodium oleate for emul- 
sifying benzene in water; gum dammar is suitable for^^"^ water-in-oil 
emulsions, and precipitated hard or soda soaps. 

Gelatin, casein, gum arabic and all the so-called ^^solvated colloids” 
are also good emulsifiers, producing oil-in- water emulsions; lanolin and 
oil-soluble cholesterol produce water-in-oil emulsions. Water-soluble 
sodium and potassium soaps are among the best emulsifying agents for 
oil-in-water emulsions ; and soaps of the alkaline earths and of iron, zinc, 
and aluminum, are oil-soluble and normally form emulsions of the water- 
in-oil type. Sucrose has been recommended for oil-in-water emulsions; 
finely divided red lead for emulsions of chloroform in water; sodium 
oleate and magnesium oleate^®® for emulsifying in water the highly- 
purified mineral oil known as ‘"Nujol”; sulfonated stearic acid and sul- 
fonated palmitic acid 1^9, iso for emulsions of oils, fats, and waxes in water; 
sodium salts of sulfonic acid^*^ for emulsifying mineral oils; lead sul- 
fate for emulsifying nitrobenzene in mineral acids; montan wax®^'^ for 
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water in petroleum; and kieselguhr as an emulsifying agent in the 
study of the reduction of emulsified nitro-compounds. 

Weichherz,2’^'^»278 jjj ^he first of a series of papers, discusses the influ- 
ence of the soap content of the two phases on the kind of emulsion 
obtained, that is, high concentrations of soap promote water-in-oil emul- 
sions and low concentrations effect oil-in-water emulsions. In a later 
paper, Weichherz and Pletnjewa deal with the system xylene/phenol/ 
sodium oleate/water, choosing an arbitrary ratio of the first three com- 
ponents and adding varying amounts of water. Although similar emul- 
sion systems may be formed by substituting phenol through o-, m-, or 
p-cresol, cyclohexanol, p-nitrophenol, p-amidophenol, hydroquinone, ben- 
zyl, methyl, ethyl, propyl, isobutyl, or isoamyl alcohol, as well as acetone, 
they appear to be stable only by using phenol as a diluent, or a higher 
concentration of sodium oleate. 

Crude oils containing resins, asphalts, and naphthenic acids or soaps 
are oil-soluble and give rise to emulsions in which water is the disperse 
phase. In some crude-oil emulsions, oil is the disperse phase. On the 
other hand, it has been pointed out by Finkle, Draper and Hildebrand 
that oleic and stearic acids, soluble in benzene and practically insoluble 
in water, do not give rise to water-in-oil emulsions according to the 
accepted theory; instead, they form unstable emulsions of the oil-in-water 
type, benzene being the disperse phase. 

The rule that the emulsifying agent must be dissolved in the external 
phase holds for the majority of emulsifiers, but does not cover all of them. 
Holmes and Williams state that it must not be assumed that any sub- 
stance soluble in both benzene and water and causing a decided lowering 
of the interfacial tension will act as a good emulsifier. Acetone, for 
example, is soluble in both these liquids and yet shows no emulsifying 
ability; neither does methylethyl ketone. Iodine, as reported by Holmes, 
when shaken with water and ether, dissolves in the ether and at the same 
time forms an ether-in-water emulsion. 

There is no single rule which determines whether a good emulsifier 
should be soluble, whether it should always be present in the external 
phase, or whether it should always be in the colloidal state in order to 
effect emulsification. From the information given, it may be seen that 
in some systems the emulsifying agent is molecularly soluble, in others, 
colloidally dispersible; but Bancroft's rule that the phase containing the 
emulsifying agent is external is now generally accepted. 

Hydration 

Fischer proposed a theory of emulsification known as the hydra- 
tion theory, according to which emulsions can be produced only when the 
liquid which is to become the continuous phase is used in the formation 
of a hydrated compound of the emulsifying agent employed. Also, “when 
it is said that the addition of soap favors the formation and stabilization 
of a dispersion of oil-in-water, it really means that soap is a hydrophilic 
colloid which, with water, forms a colloid hydrate with certain physical 
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characteristics, and that the oil is dispersed in this/' Fischer attributes 
the emulsifying efficiency of gum arabic, gelatin, casein, dextrin, agar- 
agar, and albumins to their ability to form colloidal hydrates, and their 
degree of emulsion formation to their degree of hydration. Further, he 
assumes that the amount of emulsifier present in the emulsion produced 
should be sufficient to combine all water available, if a permanent system 
is to be produced. As evidence for his assumption, Fischer states that a 
neutral casein solution is not a good emulsifying agent, neither is it in a 
hydrated form; but when acidified or made alkaline, it becomes hydro- 
philic and possesses emulsifying properties. It is also thought that the 
acid or alkaline condition affects the electric properties of the casein mole- 
cule and therefore contributes to its emulsifying ability. 

The work of Fischer does not point out that changes in an emulsion 
system subjected to hydration are always accompanied by changes in the 
electric charge. These two factors go hand in hand. By hydration of an 
emulsion is understood the tendency of an emulsifying agent, that is, a 
colloidally dispersed substance, to adsorb water on the surface or to com- 
bine with water to form a hydrate, the amount of water adsorbed depend- 
ing upon the adsorbing surface and/or the degree of dispersion. In the 
precipitation of a hydrated colloid, dehydration is accompanied first by 
an increase in the degree of dispersion, followed by the formation of large 
aggregates of the dehydrated colloidal particles. These dehydrated col- 
loidal particles present in the disperse phase are electrically charged, and 
their electric discharge causes precipitation; in fact, there is a super- 
position of dehydration and electric discharge. 

Dehydration, as shown by experiments with hydrated sols, does not 
depend to a great extent on the electric properties of a substance, so that 
electric phenomena play only a minor role; nevertheless, they must be 
taken into consideration. On the other hand, it is a fact that some emulsi- 
fiers are true hydrated colloids, while others emulsify without being 
hydrated. Sherrick,2^^'245 j^jg article on ‘^Oil Field Emulsions — How to 
Eliminate Them," stated that the action of certain commercial treating 
compounds is probably due to the fact that they are hydrophilic colloids. 
A hydrophobic colloid should discharge an emulsion formed by the use 
of a hydrophilic colloid and a hydrophilic colloid should discharge an 
emulsion formed by the use of a hydrophobic colloid. As a corollary, 
Bancroft stated that '^a hydrophilic colloid will tend to make water the 
dispersion phase, while a hydrophobic colloid will tend to make water 
the disperse phase." 

In experiments with emulsions and gels of vegetable and mineral oils, 
using tragacanth and gum acacia as emulsifying agents, Krantz and 
Gordon attempted to confirm Fischer's hydration hypothesis of 

emulsification, which postulates that oil is permanently emulsified by a 
hydrophilic colloid when a sufficient amount of water is present to form a 
hydrate. In the use of tragacanth, the amount of water taken up appears 
to be a function of the hydrogen-ion concentration. The range of greatest 
stability for either vegetable- or mineral-oil emulsions prepared with 
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tragacanth is from pH 1. 9-2.3. The pH range in which tragacanth shows 
the greatest degree of hydration is, at the same time, the most stable 
range for emulsions prepared with this substance. However, these inves- 
tigators point out that by changing the hydrogen-ion concentration of 
these emulsions, changes in particle size, as well as in the viscosity of the 
system, arc also brought about. 

Crockett and Oesper®® found that tragacanth is very much inferior 
to gum arabic in the formation of pharmaceutical emulsions. Roon and 
Oesper,*** claiming experimental confirmation of Fischer’s hydration 
hypothesis, obtained similar results in their study of such preparations, 
and found that a definite ratio of oil and gum to water is necessary; 
otherwise either less stable emulsions will result, or no emulsification will 
occur. Gum previously hydrated also inhibits emulsion formation. From 
their method of preparing this type of emulsion, they concluded that “the 
agitation disperses the internal phase and the resulting droplets are 
immediately coated with a hydrated colloid formed at the same instant, 
this coating being a necessity for emulsification.” Further, they assumed 
that the presence of a hydrated compound is essential to emulsification, 
and that this substance is most eflSciently utilized if formed simultane- 
ously with the dispersion of the oil phase. 

The experiments of Roon and Oesper were repeated by Briggs, 
Du Cass4 and Clarke,®* who found that shaking, rather than rubbing or 
grinding, the substances together gave more latitude in the formation of 
an emulsion. They showed that olive oil is more readily dispersed in a 
solution of hydrated gum arabic if first rubbed with a finely divided 
solid, such as sand, and that such a solid, easily wetted by water, is most 
efiScient and acts best when suspended in the oil phase, since the aqueous 
phase has a tendency to displace oil from the surface of the solid par- 
ticles, thereby assisting in the disintegration of the oil. Briggs, Du Casse 
and Clarke have abandoned the hydration theory, for they believe that 
the most important factor in Roon and Oesper’s emulsification method 
is the presence of finely divided solids which increase the area of the 
interface between oil and water or between oil and solution. Gum arabic 
has two functions, namely, as a finely divided solid and as an emulsifying 
agent. 

Friedman and Evans,*® investigating the influence of pH upon the 
stability of gelatin emulsions, found a maximum at the iso-elcctric point. 
The addition of acid decreases the stability and at pH 2.5 there is another 
maximum; a further addition of acid again decreases the stability. The 
addition of alkali also decreases stability, and at a pH 10 a maximum 
is again obtained; a further addition of alkali rapidly decreases the 
stability. The dependence of stability on the pH of an emulsion is 
parallel to that of the surface tension and the viscosity of a gelatin solu- 
tion. Gelatin has been found to be strongly adsorbed at the boundary 
surface of a stable emulsion, indicating that hydration as such may be 
significant, but not of great importance among the factors influencing 
emulsification. 
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Zhukow and Buschmakin,^®® studying emulsification of benzene and 
water by means of gelatin, assumed surface tension to be the main factor 
in the stability of these emulsions (the minimum surface tension corre- 
sponds to the maximum stability and the breaks in the surface tension- 
stability curve to pH 2.5 and pH 9.5, respectively). At tlie same points 
lies the maximum dissociation of salts formed by gelatin witli acid or 
alkali, and these maxima correspond to the highest hydration of the 
ionized particles of gelatin, while the un-ionized particles at the iso- 
electric point arc less hydrated. Zhukow and Buschmakin concluded 
therefrom that the maximum surface tension at the iso-electric point is 
in accordance with the fact that gelatin is in the form of unhydrated 
and undissociated particles. These investigators believe that unhydrated 
gelatin molecules are most effective as emulsifiers. 

Liesegang states that Fischer pointed out that all organic colloids, 
such as gelatin, agar-agar, starch, and dextrin, which bind water in a 
suitable manner or are hydrated, stabilize olive-oil emulsions. Accord- 
ing to Fischer, the hydrated colloids, to which the soaps also belong, are 
necessary when the oil concentration increases. The same is true of gum- 
water emulsions in which all the water is combined with the gum. Liese- 
gang, criticizing Fischer^s work, says that the resultant emulsion cannot 
be considered as an emulsion of oil in water, but as one of oil in a 
hydrated colloid. Fischer assumes, says Liesegang, that this emulsion 
can be diluted with a certain amount of water, and therefore his require- 
ment for the complete binding of the water with the gum is hyperbolic. 
No statement can be made contradicting the possibility that gum is dis- 
tributed in the emulsion, so that Fischer^s requirement is fulfilled by 
spontaneous contact with the oil drops, i.e.y by the presence in the inter- 
face of much of the gum and relatively little of the water. Further, 
Liesegang draws attention to the fact that this method of emulsification 
does not hold when large amounts of water are added gradually at the 
beginning. 

Clayton is of the opinion that the work of Fischer does not establish 
a strong case for his hydration theory, which appears to be particularly 
one-sided in its treatment of emulsions. According to this investigator, 
it is sufficient to emphasize the importance of hydrophilic colloids in pre- 
paring emulsions of the oil-in-water type, but it is only logical to broaden 
this scope and to argue that oil-soluble colloids promote the formation 
of water-in-oil emulsions. The conditions under which water-in-oil emul- 
sions are formed have not been discussed by Fischer, except in certain 
cases in which he believes there is a critical point at which any attempt 
to increase the oil content of the emulsions causes them to revert to 
emulsions of the water-in-oil type. Clayton also claims that Fischer 
denied the existence of concentrated emulsions such as Pickering prepared 
with solid emulsifiers. 

Fischer’s explanation may be plausible, but the role which water 
plays, compared with that of the disperse phase and the emulsifier, is 
important. Hydrophilic and hydrophobic colloids, when used as emulsi- 
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fiers, can be easily differentiated by their action in emulsion formation. 
The existence of hydrophobic and hydrophilic emulsions is evidenced by 
the difference in their properties. But Fischer^s conclusions that oil can- 
not be emulsified by a colloid until a minimum amount of water is 
present and, conversely, that if too much water is present, exceeding the 
amount of water used in hydrating colloids, no stable emulsion can be 
formed, are incorrect. Likewise, it is difficult to understand how a one- 
per cent soap solution can be considered sufficient to form an oil-in-water 
emulsion in which the soap is combined with all the water present to 
form any kind of hydrate. 

Volume Relation 

It is a fact that in some systems there is a mathematical limit of 
74 per cent for closely-packed, uniform, rigid spheres in a given space. 
Pickering,^®^ however, recognized that globules in emulsions are not uni- 
form, and also are separated from one another by a film of appreciable 
thickness. From these facts he concluded that ^^there does not appear 
to be any reason why the ratio of the volume of oil to the total volume 
of emulsion should be of any particular magnitude.^^ But Pickering did 
not emphasize that it is the distortion of spheres that causes the per- 
centage of internal phase to vary widely from the theoretical limits. A 
few years later, Ostwald pointed out that the chief factor con- 

cerned in emulsion formation is the proportion of the two phases consti- 
tuting the emulsion system. Although an oil-in-water system may be 
formed from a little oil and much water, and a water-in-oil system from 
a little water and much oil, there exists a concentration range where both 
types of emulsion are possible. According to this theory, “when to an 
emulsion of oil-in-water oil is gradually added, the distance between the 
globules of oil becomes less and less, until finally the globules touch and 
coalesce, then becoming the continuous phase, enclosing globules of 
water.” Inversion marks a “critical point.” If water is added to an 
emulsion of water-in-oil, another critical point is reached. According to 
Ostwald^s calculation, the majority of all possible mixtures falls into 
two groups, and the mixture relation lies between 0.221:0.779 and 
0.779:0.221. 

Ostwald determined the volume relations of equal-sized globules 
when touching one another, basing his work on the fact that the closest 
contact of equal-sized globules occurs when three globules, assembled at 
one point and touching one another are simultaneously touched by a 
fourth globule. In order to simplify the calculation, Ostwald chose the 
tetrahedron formed by the contact of four globules, the volume of the 
tetrahedron having a side equal to 2r, and referred to as the unit of volume 
occupied by the emulsion. The volume of the disperse phase at the criti- 
cal point is given by the sum of the wedge-shaped sections which fill 
in the angles of the tetrahedron. Therefore, the volume of the disperse 
phase at the critical point is equal to the difference between the volume of 
the tetrahedron and the total volume of the wedge-shaped sections 



THEORY OF EMULSIONS AND FOAMS 


35 


enclosed by the surfaces of the tetrahedron and the globules. From 
Ostwald^s determinations it is assumed that globules of uniform size make 
up the disperse phase, and therefore the volume occupied by closely 
packed globules of the same diameter is 74.048 per cent of the total avail- 
able volume, this percentage being independent of their size. 

Thomas 266,267 states that if globules of an emulsion are uniform in size 
then, according as the spheres are packed together as in Fig. 2 A or 2B, 
the ratio of the volume of the internal/external phase will be 52:48 or 
74:26. 


A B 

Fig. 2. Packing of Spheres (Thomas*®®). 

In Beijerinck’s article,^® ^^Emulsion Formation by the Mixing of 
Aqueous Solutions of Certain Gelatinizing Colloids,” attention is drawn 
to the fact that Ostwald miscalculated the critical relations of the theo- 
retically possible emulsions having equal-sized globules, and that the 
critical volume relation between the disperse and the continuous phase^ 
is not 77.9:22.1, but 74.04:25.96. Further, Beijerinck states that, 
although the theoretical determinations and practical results of Ostwald^s 
work are not influenced by this numerical error, yet the assumption on 
which he based his calculation, i.e., the characteristic tetrahedron com- 
posed of globules of equal size touching one another and corresponding 
to the unit volume of a theoretical emulsion, is incorrect, because when a 
plane surface of globules is covered with a second layer, the boundary 
surfaces formed by three globules do not touch one another at every point, 
and this takes place only in every other instance. It is the belief of this 
investigator that when 74.048 per cent of the internal phase is exceeded, 
the globules touch one another and coalesce, thereby breaking the emul- 
sion. Further, Beijerinck reasons that when the proportion of either of 
the two liquids ranges between 0 and 26 per cent, the only type of emulsion 
possible is that in which this liquid constitutes the internal phase. If 
either liquid is made up to 26 to 74 per cent of the whole, two types of 
emulsions arc possible. For example, 98 per cent water and 2 per cent 
oil can give only an oil-in-water emulsion, while 97 per cent oil and 3 
per cent water form a water-in-oil emulsion. 
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Ostwald thought that his hypothesis is confirmed by the fact that when 
oil is added to emulsions of tar-oil in water prepared with various 
emulsifying agents, a critical point at which the phases reversed (at 
about the percentage composition predicted by his theory) was noted for 
each emulsion. Similarly, on adding water to a water-in-oil emulsion, 
a second critical point was observed. Ostwald’s theoiy is mathematical 
and absolute in character, but is not an emulsion theory. Since the 
spheres of emulsion globules are actually unequal and readily distorted 
and the interfaces armored, deviations from the mathematical rule are 
not without exception. Cases have been reported in which the phase ratio 
apparently determined the type of dispersion formed, so that cither an 
oil-in-water or a water-in-oil dispersion could be produced by varying 
the proportions of the phases. 

It has been indicated by Zhukov and Buschmakin that an optimum 
volume relation corresponding to a ratio of 1:1 exists for the formation 
of stable emulsions of benzene and gelatin solutions. If to two parts of 
a one-per cent gelatin solution at 30° is added one part or less of benzene, 
an unstable benzene-in-gelatin emulsion results, which disintegrates as 
soon as shaking of the solutions is discontinued. If two parts of benzene 
and one part of gelatin are taken, then an emulsion of gelatin in benzene 
results after shaking, which is also unstable. One part of gelatin solution 
added to one part of benzene solution gives a white, creamy emulsion of 
benzene in gelatin. These investigators point out that if all the com- 
ponents of an emulsion arc poured together and shaken, the type of disper- 
sion formed depends on the volume relation of the components and not 
on the nature of the emulsifier. If the preparation of an emulsion starts 
with the ratio of 1:1, and one of the components is added in portions, 
the type of emulsion formed depends only on the nature of the emulsifier 
and not on the volume relation. Therefore, it is concluded that the ratio 
of 1:1 is an optimum condition for the formation of emulsions. This 
optimum ratio is only approximately indicated, and is displaced in the 
presence of varying amounts of the emulsifier. These same facts are 
also shown in the work of Sanyal and Yoshi,^®® who claimed that the ratio 
also depends upon the density of the oil used. 

The conditions governing the type of emulsion produced by merely 
changing the volume ratio of the two phases were investigated by Sanyal 
and Yoshi,^®® who experimented with systems of olive oil in water plus 
0.02 and 1.0 per cent sodium oleate, and caster oil in water plus 0.1 and 
0.2 per cent of sodium oleate. The results of their investigations indicate 
that water-in-oil emulsions, with light oils like kerosene and benzene, are 
not stable when large quantities of oil arc churned with small quantities 
of soap solution. On increasing the concentration of the soap solution to 
about one per cent, the nature of the emulsifying agent is more effective 
than the volume ratio. However, there is no doubt that a water-in-oil 
emulsion is formed when the concentration of the emulsifying agent is 
less than one per cent and the oil used is viscous. In this case, the volume 
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of the two phases becomes an important factor in determining the type of 
emulsion. 


Robertson in his study of inversion by the alteration of volume 
concentration in the case of olive-oil emulsions, giving special attention 
to ''the influence of the proportion of alkali to the total volume of emul- 
sion upon the critical ratio of water to oil at which the emulsion changed 
character and ceased to be an oil-in-watcr emulsion/^ concluded that dis- 
tilled water does not form stable emulsions with olive oil, stability being 
given by the action of alkali on the fatty acids of the oil; therefore, sta- 
bility indirectly depends on the amount of fatty acids present in the oil. 
Robertson, using pure California olive oil containing only traces of free 
fatty acids, found that the critical ratio was 7.5:92.5 for l/2Ar sodium 

hydroxide (error in calculating, 9.5:90.5 for 5Nf and 13.5:86.5 

\ 92.5 / 


for 1/4N and 1/6A^; no stable oil-in-water emulsion formed using 1/SN, 
Robertson explained this fact by stating that as long as alkali is present 
in excess, i.e., in an amount greater than necessary for the neutralization 
of the acid present, the amount of soap formed will be constant ; but when 
the alkali is less, the amount of soap formed will be proportional to the 
alkali present, resulting in a gradual decrease in the concentration of 
the soap ; the ability of water to surround the oil globules also decreases. 
Therefore, when the critical point is exceeded, emulsions of water-in-oil 
are formed. 

Bhatnagar 2 ® believes that Robertson was able to emulsify 91.74 per 
cent olive oil in 9.26 per cent alkali, but the strength of the latter was 
almost 5N. He further observed that with decreasing strength of alkali 
the critical points were shifted toward the point of closest packing. If 
Robertson had used still weaker alkalies and stabilized his emulsions 
by following the precautions suggested by Donnan, adding the phases 
in small portions as advocated by Bancroft, it would have been possible 
for him to obtain a ratio of 74:26. Bhatnagar believes that the volume 


Table 6 
(Bhatnagar) 


Alkali 

Olive Oil* 

strength of 
Alkali 

Volume Ratio at 

(cc) 

(cc) 

(V) 

Inversion Point 

25 

73.5 

1/1000 

74.0: 26.0 

20 

58.4 

1/ 700 

74.5:25.5 

25 

72.7 

1/ 500 

74.4:25.6 

20 

75.2 

1/ 100 

79.0:21.0 

10 

88.9 

1/ 50 

89.0: 11.0 


♦Containing 0.5 per cent free oleic acid. 


percentage of 74.048 holds only when the aqueous phase is very weakly 
alkaline 1/1000 to l/500iV). With alkalies of greater concentration, higher 
ratios are obtained, and Robertson’s results can generally be duplicated. 
Emulsions prepared with concentrated alkalies break up, yielding a stable, 
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creamy substance having a volume ratio of 74:26. He also found that 
the phase ratios of alkali and oil at the critical (inversion) point, using 
alkalies varying in strength, were as recorded in Table 6. 

The change in volume ratio with more concentrated alkali is due, 
according to Bhatnagar, to ''the solid or gelatinous film^' which envelopes 
the oil globules, thereby interfering with coalescence of the globules on 
touching one another. This investigator also showed that with very low 
concentrations of the emulsifying agent, the phase ratio alone determines 
the formation of one type of emulsion or another in the case of viscous 
oils, such as paraflSn and olive oil, but not with light oils, like kerosene. 

Emulsions of water in benzene between the approximate limits of 
75 and 96 per cent water by volume were obtained by Newman with 
his shaking machine. However, these limits were considered as having 
no theoretical significance and would probably be changed with a more 
perfect method of emulsification. Newman also indicated that no water- 
in-oil emulsions are formed when olive oil and water are shaken, using 
sodium oleate or caustic soda as an emulsifier. What Robertson thought 
was an emulsion of water-in-oil was actually only sodium oleate, or the 
sodium salt of other fatty acids suspended in oil. No emulsions 
of water in benzene were obtained with sodium oleate as emulsifying 
agent. 

Emulsions made of toluene, benzene, and paraffin in a 0.4-per cent 
gelatin solution were prepared by Woodman,^®® the percentage of oil to 
the total volume of both phases varying from 0.7 to 83.3 per cent. On 
standing, these emulsions "creamed,” and an analysis of their cream 
showed it to be of fairly uniform composition, containing on the average 
75 per cent of the internal phase. 

According to Hatschek,^^® emulsions containing a large percentage 
of the disperse phase (particles of microscopic or nearly microscopic size) 
are stable, or at least more than transient, only when the inter facial 
tension between the phases is low. Stability of emulsions, however, is 
again dependent on the phase ratio, and is generally not complete unless 
it approaches the figure corresponding to the closest packing. Also, the 
rate of separation into layers depends on the difference in the density of 
the phases, the viscosity of the continuous phase, and the degree of 
dispersion. Obviously, it is of interest to know that a system stable at all 
ratios is conceivable if both phases have the same density, e.gf., castor oil 
in water with alcohol. 

Generally speaking, emulsions cannot be inverted by merely changing 
the volume ratio, as postulated by Ostwald. Usually, a given emulsifying 
agent will form an emulsion of only one type, regardless of the phase 
ratio. The effect of volume ratio on the stability of emulsions of Nujol, 
a highly-purified mineral oil, and two commercial lubricants, was studied 
by Parsons and Wilson,^®® using a dilute sodium oleate solution (0.033Af) 
as emulsifying agent. The volume ratio of oil to water in these emulsions 
was varied, but the total volume was kept constant. These investigators 
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found that the critical values for Nujol* and the lubricants tested were 
somewhat higher than the 74 per cent representing the amount of the 
internal phase for close-packed spheres, explaining that the amount 
emulsified above that percentage was more or less a measure of the ability 
of the films to resist rupture when distorted beyond their normal spherical 
shape. Also, it indicated that the globules were not uniform in size after 
the critical point was reached, for the substances emulsified gave what 
appeared to be only a temporary water-in-oil emulsion. However, 
Parsons and Wilson state further that in general no true inversion was 
noted when the volume ratio alone was varied in the case of the three oils 
studied; but, as would be expected, there was a maximum amount of oil 
which could be stabilized by sodium oleate. Above this critical point, 
which was well-defined for each oil, breaking of the emulsion occurred. 

Although globules of some petroleum emulsions appear to be nearly 
uniform in size when seen under a microscope, it is Wright's opinion 
that in many cases the dispersed particles vary in size. Old emulsions, 
in particular, are characterized by globules which have departed widely 
from their spherical form enclosed by visible skin-like membranes. How- 
ever, as ascertained by Berkman,^^ the size of globules in emulsions four 
to five years old naturally varies, but their shape in stable emulsions 
remains spherical. Actually, the shape of globules changes or is deformed 
only when an emulsion becomes unstable. In emulsions, the globules 
usually are not uniform, and there appears to be no reason why the ratio 
of the volume of the internal phase to the total volume of the emulsion 
should be of any particular magnitude. However, the actual ratios 
obtained do not differ markedly from those of uniform, close-packed 
spheres, being generally from 65 to 80 volumes for every 100 volumes of 
emulsion. These figures are independent of the proportions of the internal 
phase and the external phase at the beginning, so long as the former does 
not exceed 80 per cent. 

Ostwald's assumption, as well as his formula for calculating the volume 
relation of emulsion phases, is logical and applicable insofar as it concerns 
theoretical emulsion systems. In actual emulsions, the volume relation 
cannot be considered as a characteristic determining the stability of an 
emulsion system. The volume ratio varies according to the system and 
probably indicates its equilibrium state. In other words, every system in 
time reaches a static equilibrium corresponding to a certain volume 
relation of the phases composing the system. But the absolute value of 
the equilibrium state, calculated theoretically by Ostwald for one system, 
assuming uniformity of the globules of the disperse phase in theoretical 
but not actual emulsions, is not applicable to any other system. On the 
basis of volume relation alone, the permanence of an emulsion system can- 
not be predicted, for the phase volume relation is one more factor to be 
taken into consideration when examining complex emulsion systems; 
it may be of help in determining the conditions for equilibrium in a per- 
manent emulsion. 

♦ Critical values for Nujol, 084 and 0.83; for the two lubricants, 0.87. 
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Electric Charge 

When a liquid is dispersed in a liquid to form an emulsion, the particles 
of the disperse phase in most cases, if not in all, have been found to be 
electrically charged, that is, the particles are surrounded by a film which 
is negatively charged on one side and positively charged on the other side. 
The stability of the disperse phase is considered as being determined by 
the charged double-layer, and this arrangement constitutes a kind of 
spherical condenser, the thickness of which is small in comparison with 
its radius,®* the particles moving under an applied electromotive force, 
some going to the anode, others to the cathode. Under the influence of 
the electric field, this double-layer becomes distorted so that the positive 
charges accumulate on one side of the globule and the negative charges 
on the other. 

It has been known for a long time that electrically charged films 
may function to prevent coalescence, because of the repulsion of like 
charges. The fact that there is movement of colloidal particles under 
electrical stress was recognized by Linder and Picton,^®'^ and this migra- 
tion indicates the presence of charges of definite polarity on the particles 
themselves. In connection with the general theory of the protective action 
of the surface film, it is assumed that these electrically charged films 
are formed by the preferential adsorption of ions of an electrolyte 
(Freundlich) . The fact that charged colloidal particles are discharged 
by solutions of electrolytes, because of the adsorption of an ion carrying 
a charge opposite to that already on the particles, is in accord with the 
theory of surface condensation of ions. Later, Linder and Picton showed 
that the precipitated material was contaminated by the electrolyte, and 
particularly by that ion of the electrolyte which, since its charge was 
opposite to that of the colloidal particle, functioned as an effective pre- 
cipitating agent. 

As shown by the work of several investigators, the rule of Coehn ^®*^® 
that, for two phases in contact, the phase with the higher dielectric 
constant assumes the positive charge, holds true in some cases, but not 
in all. Since water has a higher dielectric constant than oil, according to 
Coehn^s rule the oil globule suspended in water should be negatively 
charged, while water is positively charged. Ellis®® found negative oil 
particles in dilute emulsions of cylinder oil and paraffin oil, and Mooney 
172,173 observed the same charge relation in very dilute emulsions of highly 
refined Nujol and Stanolind.* Globules of the disperse phase of oil emul- 
sions composed of linseed oil, wood oil, and fish oils, their compounds and 
polymers, used in the preparation of japan bases, are negatively charged, 
according to Davey.®^*®® He considered this fact a means of separating 
the disperse from the continuous phase, i.e., by placing electrodes in the 
emulsions a deposition of the disperse phase on the anode takes place, 
the process being similar to electroplating. Davey found that the amount 

Nujol and Stanolind are commercial oils, the former consisting of satu- 
rated hydrocarbons of the parafiGin series, while the latter is a paraffin hydrocarbon 
much like Nujol. 
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deposited is strictly proportional to the product of the current and the 
time and is independent of the voltage. 

Sherrick ^^4 found evidence in a West Texas petroleum emulsion that 
the oil is the continuous phase, the water being dispersed in it as negatively 
charged globules ; this is not in agreement with Coehn's rule. It has been 
suggested by Gurwitsch that this anomaly may be due to the fact that 
the charge is carried by the resinous films surrounding the oil globules 
rather than by the oil itself. In discussing Coehn^s rule, Briggs pointed 
out that glass, which should have been negatively charged against glacial 
acetic acid, was positively charged after long standing in this acid, the 
same holding true for propionic acid. In the case of xylene, toluene, and 
other liquids in which the dielectric constant is small, electric endosmosis 
takes place so slowly as to be negligible. By adding a trace of hydro- 
chloric acid to improve conductivity, electric endosmosis occurred, and 
the glass became positively charged against the medium used. Acid added 
to other liquids made the glass less negative. According to Briggs, the 
question arises as to whether the positive charge on the glass, when in 
contact with xylene or toluene, may be due not to the hydrochloric acid 
present, but to the small dielectric constants of these liquids. This point 
should be proved experimentally. It is evident that the cases referred to 
by Briggs contradict the rule of Coehn; but, on the other hand, no parallel 
can be drawn between the cases mentioned and the systems herein dis- 
cussed, because Briggs refers to a solid/liquid system and this case con- 
cerns emulsions which are liquid/liquid systems. In general, Coehn’s 
rule may be applicable to two-component emulsion systems; but, when 
an emulsifier is added, conditions change and the relationship becomes 
more complex. 

McBain explains the origin of the charge on the dispersed globules 
of an emulsion system by the presence of ions. His hypothesis is based 
on an exhaustive experimental study of the behavior of soaps in solution, 
according to which particles are charged by the adsorption of molecules 
of an electrolyte, which is consequently dissociated to some extent, giving 
rise to a small portion of ions, possessing the same freedom and mobility 
as in an ordinary aqueous solution of an electrolyte, and remaining fixed 
on the dispersed particles. Urban and White are of the opinion that 
the presence of an electric charge on the dispersed particles of an emulsion 
has been proved for many systems, and should be considered an important 
factor in the stabilization of emulsions. 

Mukherjee stated that the origin of the charge on a colloidal particle 
is believed to be due to the adsorption of ions. In his theory of adsorp- 
tion, Langmuir refers it to “chemical forces” caused by surface atoms. 
The adsorption of an ion charges the surface and as a result introduces 
electrical forces. The recognition of this fact throws light on the influence 
of electrolytes, on the precipitation of suspensoids, on electric endosmosis, 
and on related phenomena. A certain number of “chemically adsorbed” 
ions are covered by ions of an opposite charge, depending on the concen- 
tration of the oppositely charged ions in the liquid near the surface at 
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any moment, the total number of ions of opposite sign, both bound and 
free, being equivalent to the number of ions chemically adsorbed. A 
number of free ions, equal in number to the ‘^chemically adsorbed” ions 
on the surface, are present at the liquid interface, and these free ions form 
the second layer of the double layer. Langmuir is of the opinion that, 
as a result of their thermal motion, the mean distance between the two 
layers is greater than the molecular dimensions. 

According to Michaelis,^®® the charge on a suspended particle may 
originate in one of two ways: (1) through so-called “oppositional adsorp- 
tion,” i.e., when the surface of the globule exhibits chemical affinity for 
certain ions, and (2) by dissociation of the globule substance or the 
emulsifying agent, i.e., when the anion resulting from the ionization of a 
molecule adsorbed on or dissolved in a globule gives to the molecule a 
negative charge. If the emulsifying agent is a protein, loss of hydrogen 
ions from the carboxyl groups would render the phase in which it 
originated more negative, while the addition of hydrogen ions to an amino 
group results in a positive charge. The charge may also be developed by 
the adsorption of ions without any chemical activity on the part of the 
emulsifying agent or the substance of the globules. This assumption is 
based on the fact that the adsorption of ions bearing the effective charge 
is responsible for the stability of the emulsion and the electrokinetic 
behavior of the particles. 

In a three-component emulsion system, the particles of the disperse 
phase carry an electric charge, and when current is passed through, 
cataphoresis takes place. The rate at which oil rises through the continu- 
ous phase is dependent upon its specific gravity, the viscosity of the con- 
tinuous phase, and the -size of particle. The velocity V, through which 
the particle rises, may be expressed by the equation: 

2r^(S - S') 

V = g 

where r is the radius of the particle ; S-S', the difference in specific gravities 
of the two liquids; g, the gravitation constant, and rj, the viscosity of the 
continuous phase. 

Lamb^^® and Smoluchowski considered the charge on the col- 
loidal particles to be due to associated ions, which account for ionic 
migration, diffusion and permanent suspension of the emulsion particles. 
According to Smoluchowski, the electric properties of an emulsion are not 
to be attributed to the charged particles alone, but to the fact that the 
adsorbed ions of opposite sign collect in the continuous phase about 
each droplet and form a double sphere of charges termed the Helmholtz 
double-layer. The outer sphere of the double-layer was first thought to 
be close to the suspended particles, and of molecular dimensions. 
Burton,^® and many others, however, believe the outer layer to be a 
diffuse arrangement of ions, which Burton calls an “ionic atmosphere.” 
McBain and Usher assumed that very few ions in a double-layer are 
mobile, most of them being immobile. Gouy®®'®®*®^ postulated a diffuse 
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double-layer, the outer ionic layer possessing an electric density falling 
off according to an exponential law, all its ions participating in cata* 
phoretic movement. Milner, and also Debye and Hiickel,®* extended 
the work of Gouy and showed that an ion in a solution must be accom- 
panied by an oppositely charged ‘4on atmosphere,'^ which is the balanced 
result of the electrostatic forces (attractions and repulsions) tending to 
ordered array of the ions and the thermal vibrations acting against such 
an arrangement. Taggart made known the relation between electric 
charge, pH, and Brownian movement. 

Concerning the many explanations offered by different investigators, 
of the origin of the electric charge all contain some truth, but none, except 
Stern's theory Qf double-layer (a monomolecular film adhering to 
the boundary), can be accented as a working hypothesis for all kinds of 
emulsion systems. In his theory. Stern resolves Gouy's double-layer into 
a rigid monomolecular layer of the Langmuir type, and a diffuse outer 
layer, the double-layer being regarded as a condenser, one side of which 
is the interface having a homogeneously distributed charge. On the liquid 
side of the interface the electric charge is concentrated partially in the 
surface and partially in the electrolyte, the density of the charge 
decreasing asymptotically toward zero. 

The names of several investigators who determined the total charge 
on particles, as well as the potential difference existing between each 
globule of the disperse phase and the liquid medium surrounding it, are 
mentioned in the literature on emulsions. It has been pointed out by 
Lewis that one of the most characteristic properties of emulsions 

is the ability of their particles to show movement in one direction or 
another when the solution is in contact with an electric field. This would 
indicate the actual presence of an electric charge, c, on the oil globules, 
which may be determined by Stokes' equation, namely: 

QrrTirV 
e = 

z 

where V is the velocity; r, the radius of a particle moving through a 
liquid medium whose viscosity is 77 ; and Xj the potential gradient units 
per cm, found to be equal to 4.4 x 10"^ electrostatic unit. Stokes' equation 
considers the globule with its electric double-layer as a small condenser 
composed of two concentric rings, the distance between which is small 
compared with the radius of the globule. Lewis assumed that the value of 
the charge on an emulsion particle was of the same order of magnitude as 
that of Burton's colloidal metals, indicating that oil-in-water emulsions 
resemble colloidal metals, and perhaps are subjected to the same con- 
ditions inducing equilibrium. Ellis found the charge on an oil droplet 
in a very dilute emulsion to be about 2.05 x 10 ® electrostatic unit. 

Variations in cataphoretic mobility of oil globules in water were 
investigated by Mooney who found that very dilute emulsions of 
bromoform, bromnaphthalene, dimethyl aniline, iodobenzene, phenetol, 
phenyl mustard oil, tribromhydrine, m-xylene, Nujol and Stanolind 
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could be prepared in water. In all cases, the oil globules were negatively 
charged. Mooney indicated that the mobility for a field of 10 volts/cm, 
even in pure water, increased with an increase in the diameter of the 
globules, that is, between 0.0005 and 0.04 mm; and, as the diameter 
increased, the mobility asymptotically approached an upper limit. From 
the curves obtained by Mooney, it cannot be definitely ascertained 
whether the lower limit, D, approaching zero, is zero or finite. Mooney 
also proved that Smoluchowski^s theory, according to which cataphoretic 
mobility is independent of the external field, holds true only for small 
globules below 0.02 mm in diameter. Usher predicted a relationship 
between mobility and size of dispersed particles, basing his prediction on 
the surface dissociation theory of the electric double-layer. It is Abram- 
son's opinion 2 that there is no correlation between particle size and 
cataphoretic mobility. Roberts' experiments showed a reversal in the 
direction of cataphoretic movement in old emulsions, new emulsions 
possessing strong cataphoresis which gradually became weaker, ceased 
entirely for a time, and then changed into weak anaphoresis, this cycle 
being completed in eight weeks. 

Taking into consideration the suggestions first offered by Lamb, and 
eventually incorporated into Helmholtz's double-layer theory, the poten- 
tial difference between the oil globules and the continuous phase of an 
emulsion may be calculated from the migration velocity of the disperse 
phase, having a known potential gradient. The potential difference 
between particles and medium of metal sols was determined by Burton, 
using Lamb's modified equation: 

K.X 

where K is the dielectric constant of the medium ; 97 , the viscosity of the 
medium; and Fi, the migration velocity of the particles in cm/sec, having 
a potential gradient of X units per cm. Lewis found that the potential 
difference between oil globules and water is 0.05. The fact that the values 
for the potential difference of the particles are all of about the same order 
of naagnitude is considered by Lewis as very important. However, any 
specific effect due to the chemical composition of the disperse phase 
is not evident. Further, investigations of Lewis showed that the potential 
difference of particles in his emulsion systems is independent of the chemi- 
cal nature of either the disperse phase or the dispersion medium. Regard- 
ing the mechanism by which the potential difference is set up, Lewis 
assumed two factors as important, namely, the effect of the electrolytic 
ion and the electronic effect. As regards the first, it is evident that dif- 
ferent electrolytic ions come into play with a change in the dispersion 
medium. The chief objection to this point of view is that emulsion 
systems can be prepared in which electrolytic ions are not likely to be 
present. The electronic viewpoint appears to be applicable in all cases, 
and the absence of any specific effect due to the chemical composition of 
the disperse phase, as noted above, is very strong evidence in its favor. 
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According to Freundlich and Rons/® there are two kinds of potential. 
The electrokinetic potential is measured by cataphoresis and electro- 
endosmosis; it is less than the static boundary potential. The potential 
difference between the interior of the glass and the liquid on the outside 
is €, electrostatic potential. The electrokinetic potential is determined 
by measuring the streaming potential in a capillary tube according to 
the formula: 

HD 

in which D is the dielectric constant of the dispersion medium; H, the 
potential gradient in volts/cm ; and [/, the cataphoretic migration velocity. 
The electrostatic potential is little affected by the presence of ions, while 
the electrokinetic potential varies greatly with the kind and quantity of 
ions present. The valence of the ion has no influence on the electrostatic 
potential, but is important in the electrokinetic potential. The electro- 
kinetic potential is actually a measure of the difference in potential 
between the mobile and the immobile portions of the liquid, while the 
electrostatic potential measures the total difference in potential between 
the solid wall and the liquid. The stability of colloids is governed by 
the electrokinetic potential, not by the electrostatic potential. This 
indicates an ionic source of charge, particularly since the sign of the charge 
may be reversed by the addition of certain ions. Freundlich and 
Elisafoff pointed out that the particles of the disperse phase may give 
rise to ions participating in the formation of the electric double-layer. 
In the case of ionogenic substances, such as metal hydroxides and sul- 
fides, this idea holds true; with typical co-valent compounds, siich as 
naphthalene, it is not applicable. In such cases, the charge has been 
ascribed to other causes. 

Table 7 
(Ellis) 

Electrokinetic 


Hydrocaibon Potential 

(volt) 

Special acid-frcc oil 0.050 

Acid-free oil 0.045 

Pure liquid paraffin (Kahlbaum) 0.040 

Cylinder oil 0.050 

Water-soluble oil 0.066 


In most cases, emulsion systems not only consist of two immiscible 
liquids, but also contain electrolytes, which may affect the difference in 
potential between the pure dispersed oil and the pure liquid medium in 
which it is dispersed. The potential of the emulsion systems which 
Ellis 06, C 6 investigated was not greatly affected by organic" impurities, 
such as wool grease in oils, but was very sensitive to small proportions 
of electrolytes. By using highly refined hydrocarbon oils in the prepara- 
tion of dilute emulsions, he obtained the values for electrokinetic poten- 
tial listed in Table 7 . 
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Table 8. Migration Velocity of Emulsions of Acid-free Cylinder Oil 
(acid as oleic acid and less than 0.3%) 
in the Presence of HCl and NaOH. 


Electrolyte Solution 

Electrokinetic Potential 
at OU/Water Interface 
(volt) 

1/10 NHCl 

0.0 

1/40 VHCl 

0.0022 

1/100 V HCl 

0.0088 

1/200 V HCl 

0.0185 

Neutral 

0.050 

1/1000 N NaOH 

0.072 

1/500 VNaOH 

0.068 

1/100 VNaOH 

0.042 

1/20 N NaOH 

0.022 


Ellis also determined the effect of acids and alkalies, and found their 
influence on the difference in electrokinetic potential at the oil/water 
interface as shown in Table 8. 

The results obtained show that the electrokinetic potential at the 
oil/water interface reaches a maximum in either a neutral or a slightly 
alkaline solution. The addition of hydrochloric acid diminishes the 
electrokinetic potential very quickly for small concentrations, and slowly 
for relatively high concentrations. The addition of sodium hydroxide 
first increases the electrokinetic potential at the oil/water interface, but 
when the concentration exceeds O.OliV sodium hydroxide, the potential 
drops quickly at first, and then more slowly. The electrokinetic poten- 
tial at the oil/water interface varies for different oils, depending on the 
amount of impurities present. The electrokinetic potential in a neutral 
solution is dependent on the dielectric constant of the suspended particles 
and the medium in which they are suspended. Ellis interpreted the 
decrease in the potential by addition of hydrochloric acid and sodium 
hydroxide as the beginning of electric adsorption. 

Powis makes clear the influence of different electrolytes 

applied in varying proportions upon the difference in potential existing at 
the interface of cylinder oil-in-water emulsions. He found, for instance, 
that small percentages of potassium chloride, up to 2.5 millimols/liter, 
increased the negative value, whereas larger proportions decreased it. 
All anions in an equeous solution have a tendency to make the potential 
difference negative, and cations tend to make it positive. In pure water 
and at low concentrations, the negative influence is greater. The influence 
of both cations and anions increases with an increase in their valence, 
the higher the valence of the cation the more effective the salt in reducing 
the potential. Powis correlated his results with the viewpoint of 
Freundlich,’^'^ who believed that the effect of electrolytes on the potential 
is due to the preferential adsorption of ions. The influence of potassium 
chloride, barium chloride, aluminum chloride and thorium chloride on the 
potential at the glass/water interface is similar to that at the oil/water 
interface, except that addition of small percentages of potassium chloride 
and potassium ferrocyanide increases the negative value of the charge of 
the water. The lower the concentration of the oil particles, the lower the 
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concentration of the electrolyte required to bring about a given potential 
difference. 

Gyemant®*^ studied the influence of electrolytes on the cataphoretic 
mobility of water-in-oil emulsions, using guaiacol and aniline. Water 
or solutions of inorganic electrolytes showed very little, if any, migration. 
Cataphoresis was found to be favored by those electrolytes which easily 
infiltrate into the organic solvent. In the presence of organic cations, 
water globules migrate to the anode and organic anions to the cathode. 
Benzonitrile gave unexpected results, possibly due to impurities, e.gf., 
benzoate anions. 

Millikan investigated the specific inductive capacity of emulsions 
composed of water dispersed in a benzene/chloroform mixture. Consider- 
ing water globules as conductors and the organic phase as the insulator, 
he applied the Clausius-Mosotti equation: 

l + 2x 

k = K' 

1-x 

where k is the dielectric constant of the emulsion; X', the constant of 
the organic phase; and Xy the ratio of the volume of the disperse phase 
to the total volume of the emulsion; he obtained a good agreement 
between the results calculated and those observed. 

Sen estimated the potential drop between two phases by experi- 
ments with cataphoresis and electro-endosmosis. Since the potential drop 
between oil and water is negative, the presence of potassium chloride and 
potassium ferrocyanidc concentrates more negative ions in the oil inter- 
face, so that a greater negative charge is built up. Potassium ferro- 
cyanide raises the negative charge more than potassium chloride. In the 
case of mixtures of potassium chloride and barium chloride or potassium 
ferrocyanide and barium chloride, there is considerable antagonistic 
action, because one of these electrolytes raises the value of the potential 
drop, while barium chloride lowers it. When using a mixture of potas- 
sium chloride and potassium ferrocyanidc, only a slight antagonism 
results, because at certain concentrations potassium chloride causes a 
decrease, while potassium ferrocyanide still raises the negative charge. 
However, the effect is not so pronounced as with barium chloride. 

Limburg,^®® in connection with the theories of Freundlich, Smolu- 
chowski and Gouy, dealt with the influence of the electric charge of the 
particles and the adsorption surfaces on the critical mobility of the par- 
ticles, the speed of coagulation of emulsions, and the influence of electro- 
lytes [KCl, K 2 CO 3 , HCl, BaCla, AICI3, and Th (N 03 ) 4 ] on the catapho- 
retic mobility of an emulsion of paraffin oil in water. On addition of 
potassium chloride and hydrochloric acid, the cataphoretic mobility was 
found to pass through a maximum with increasing electrolyte concentra- 
tion. With potassium carbonate the maximum was not reached, but the 
increase in cataphoretic mobility at low concentrations was relatively 
high. A decrease in mobility of the particles following the maximum, in 
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the case of addition of hydrochloric acid and potassium chloride, has 
been explained by the fact that the tangential potential difference becomes 
smaller with increase in electrol 3 rte concentration. Barium chloride does 
not influence the cataphoretic mobility at fairly low concentrations. Alu- 
minum chloride and thorium nitrate cause a change in the charge on the 
particles, probably by covering them with products of hydrolysis; when 
hydrolysis was prevented, no change in charge occurred with aluminum 
chloride. 

Electrolsrtes added to, or present in, an emulsion system which already 
contains an emulsifying agent, influence emulsification in the same man- 
ner as the potential difference at the oil/water interface. Donnan con- 
firmed the effects produced by alkalies and salts on the potential differ- 
ence at the interface of a neutral emulsion of hydrocarbon oil and water, 
emulsified by means of sodium oleate. Hatschek approached the ques- 
tion of the action of electrolytes in an emulsion system from the stand- 
point of electric discharge, differentiating two steps in the discharge 
effect: (1) the discharge of the emulsion particles by cations occurs when 
a sufficient percentage of electrolyte is present; and (2) the discharged 
particles exhibit Brownian movement, and there is no repulsion between 
them — only collision and a coalescence to form larger particles. This 
process continues, but with decreasing speed because, as the size of the 
particles increases, their movement is retarded until a limit is reached 
at which Brownian movement apparently ceases. This limit depends, of 
course, on the mass and also on the difference in specific gravity between 
the disperse phase and the continuous phase, as well as on the viscosity 
of the latter. If no great difference in specific gravity exists between 
the phases, only a change in the degree of dispersion can take place aftei 
discharge by electrol 3 rtes, i.e., precipitation cannot occur. 

In discussing the fact that, in general, an electric double-layer exist- 
ing at the interface and separating two phases gives rise to a number of 
important phenomena due to the adsorption of ions from solutions of 
electrolytes. Shorter states that the principal factors regarding the 
effect of electrolytes may be summarized as follows: (1) the effect of a 
given number of ionic charges increases with an increase in the valence 
of the ions on which they are located; (2) in dilute solutions, both the 
hydrogen ions and the hydroxyl ions produce an abnormally strong 
effect; and (3) the ion having a charge opposite to that on the surface 
has a greater tendency to be adsorbed than one of like charge. The 
technical importance of the surface charge lies in the fact that such 
charges affect the stability of fine suspensions and emulsions. Bases in 
dilute solutions tend to stabilize, whereas acids exert a coagulating effect. 
In the case of positively charged particles, hydroxyl ions coagulate and 
hydrogen ions stabilize. In more concentrated solutions, the specific 
activity of the hydrogen ions and the hydroxyl ions disappears, and the 
ion with a charge opposite to that of the particle is adsorbed, decreasing 
the charge. As both positive and negative ions are always present in 
equivalent amounts, the ionic species present must be considered. 
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in his article, “On the Dependence of the Dielectric 
Constant of an Emulsion on the Volume Concentration of the Dispersed 
Phase and on the Degree of Dispersion,” states that on the basis of his 
investigation three secondary electrical phenomena, caused by the charge 
on the globules, are possible. (1) The vibrations of the charged particles 
are synchronous with the external alternating field, except in the case of 
those emulsions in which the mass is large and the ibovdment slow; for 
example. Vaseline emulsions have a high internal friction, so that little 
movement is possible. (2) A double-layer is formed around each globule 
of the emulsion, and the dielectric constant is not influenced. (3) In 
liquid emulsions, the electric charge exerts a directing influence on the 
dipoles surrounding the globule, thereby decreasing the dielectric con- 
stant of the emulsion, because the directed dipoles do not participate in 
the polarization of the dielectric and are not at all affected by the vibra- 
tions of the external field. In oil emulsions at constant volume concen- 
tration, the dipole effect increases with the number of globules present. 
The decrease in the dielectric constant of water-in-oil emulsions is small, 
about the order of magnitude of 10'®. In colloidal solutions where the 
dispersion medium is water with a marked dipole character and a high 
degree of dispersion, the dipole effect is much stronger. The actual 
dielectric constants are much higher than those calculated according to 
one of many formulas derived to express the dielectric constant of a mix- 
ture as an additive function of the dielectric constants of the constituents; 
for instance, the general formula of Lorenz. 


where c is the dielectric constant of the mixture and ci and C 2 , the dielectric 
constants of the two constituents of the system. 

Pickara,^®® in studying the dielectric constant of emulsions of mercury 
in Vaseline and oil, applied the Lorenz-Lorentz formula: 

e — 1 ei— 1 Cf— 1 

= d + (1 - 3 ) 

e + 2 6i + 2 €2 + 2 

in which c is the dielectric constant of the mixture; ci and C 2 , the dielectric 
constant, DKj of both substances, and 8, the volume concentration of the 
constituents. Other formulas of Beer, Silberstein, Wiener and Lichte- 
necker are not applicable because they give an infinite value for c in 
this case. For emulsions of alcohol-water mixture and mercury in par- 
affin oil, the dependence of c on 8 (for 8 < 0.002) is very close to linearity; 
on the contrary, for emulsions of mercury in Vaseline, this dependence is 
absolutely linear (even for 8 < 0.034). As the reason for the deviation 
from linearity for liquid emulsions, Pickara assumes a directing action 
which the electric charge of the globules exercises upon the dipole mole- 
cules of the liquid. The directed dipoles react very little upon the vibra- 
tions of the external field, and in such a manner that the dielectric constant 
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of the emulsion is decreased. These secondary phenomena do not occur 
in Vaseline emulsions; consequently Pickara assumes that, for ideal 
mixtures of very small volume concentration of the continuous phase 
(closed phase) , (5 < 1) , c is a linear function of 8. 

The electric charge carried by the globules in an emulsion and the 
potential difference between the dispersed globules and the dispersion 
medium are related directly to the stability of an emulsion system. 
Rabinerson and Kremnev^^® group emulsions into three classes: (1) 
dilute emulsions stabilized by the elcctrokinetic charges; (2) concentrated 
liquid emulsions stabilized by protective films, or emulsifiers; and (3) 
foam-like emulsions stabilized by the mechanical rigidity of the lamella. 
These emulsions in turn are classified according to their composition, 
namely, water-in-oil and oil-in-water, etc. 

Ellis, in his article, '^The Stability of Emulsions and Size of 
Globules,” states that the stability of a pure water-in-oil emulsion is 
greatest when the clectrokinetic potential reaches a maximum, i.e., in 
dilute alkaline solutions. When an acid or an alkali is added to solutions 
of concentrations greater than O.OOIV, the stability of an emulsion is 
decreased by an amount corresponding to a decrease in the elcctrokinetic 
potential. He also states that the stability of a pure water-in-oil emulsion 
depends very much on the elcctrokinetic potential at the oil/water inter- 
face, but does not depend on the surface tension. A decrease in stability 
with a decrease in elcctrokinetic potential is explained by a decrease in 
the strength of the electric double-layer; the latter can be very readily 
destroyed, enabling the emulsion globules to coalesce. When the electro- 
kinetic potential reaches zero, the stability becomes zero, and coagulation 
takes place with the greatest rapidity. Ellis, discussing the relation 
between coagulation and clectrokinetic potential, points out that the 
total coagulation produced by means of a colloidal ferric hydroxide solu- 
tion in an oil-in-water system takes place at a definite clectrokinetic 
potential, i.e,, between 0.045 and 0.03 volt. 

The results of Powis on the stability of emulsions with regard to 
the electric charge of the disperse phase indicate that if the potential dif- 
ference of an oil-in-water emulsion exceeds a certain critical value, which 
is about 0.03 volt (either positive or negative) , the emulsion is relatively 
stable. If the potential difference at the oil/water interface is not large 
enough, coagulation of the suspended oil droplets occurs with a speed that 
is about the same for all values of the potential. Such behavior is not 
in accordance with the assumption of Ellis, i.e., that stability decreases 
continuously with the potential, becoming very small at the iso-electric 
point. The relative concentrations of electrolytes, such as thorium 
chloride, aluminum chloride, barium chloride, potassium chloride, and 
others, which are necessary to obtain a potential of 0.03 volt, are nearer 
to those which cause rapid coagulation than to those which reduce the 
potential to zero. If coagulation does take place, the particles clump 
together rather than coalesce. The theory of a critical potential, above 
which an emulsion is stable and below which it is unstable (as believed 
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by Powis) , agrees with most of the known facts on the stability of col- 
loidal solutions, and explains many facts which are not in agreement with 
the theory of the iso-electric point. 

It has been thought by Willows that rapid coagulation depends 
wholly on the rate of diffusion. From a comparison of the results obtained 
by Willows, using varying proportions of electrolytes, with those of 
Galecki,®^ in which the relative charges on the sol were particularly 
measured, it has been concluded that rapid coagulation occurs before 
the iso-electric point is reached. This is in agreement with Powis^ results 
on emulsions. However, whereas Powis found it suflScient to reduce the 
potential difference across the electric double-layer from 0.04 to 0.03 
volt to initiate coagulation, Smoluchowski assumed that particles are 
attracted by “capillary” forces (nature not specified) when they approach 
one another, but that coalescence is normally prevented by the electric 
double-layer. When electrolytes are added, this layer is wholly or par- 
tially destroyed by ionic adsorption (mechanism not given). Brownian 
movement, on the other hand, tends to bring particles into contact with 
one another and, according to Smoluchowski, whenever the distance 
between the centers of two droplets becomes less than the radius R, 
coalescence occurs. 

Willows, criticizing Smoluchowski’s work, contends that it is entirely 
statistical. Smoluchowski does not attempt to account for the electric 
double-layer, the adsorption of ions, or the apparent attraction between 
particles. A complete theory, according to Willows, must explain the 
origin of the charge on the particles and show in what way the discharging 
ions penetrate the electric double-layer against the repulsion of its outer 
half. Two facts appear to be fairly well established, namely, that the 
final stability of emulsions depends only on the potential difference across 
the electric double-layer, as shown by Powis; contrary to Bredig^s theory, 
Ellis finds no relation between surface tension and coagulation of emul- 
sions. 

Liraburg^s calculations,^®® in connection with Smoluchowski^s theory, 
show that at high concentrations of hydrochloric acid the rate of coagula- 
tion has the greatest value theoretically possible, and therefore is inde- 
pendent of further additions of acid. In case aluminum chloride and 
thorium nitrate are added to increase the electrolyte concentration, first 
a stage of stability is attained, then one of precipitation, and finally 
stability again. High concentrations of thorium nitrate decrease the 
stability. In the case of aluminum chloride, the stability is increased 
considerably, to a point where the charge no longer changes. The sta- 
bility curve of an emulsion at rest in the presence of potassium chloride is 
at first below the curve for a rotated emulsion, but above it at higher 
concentrations of the salt. According to Limburg, the relation between 
stability and electric charge indicates neither proportionality nor the 
presence of a critical potential, and assumes that the increase in con- 
ductivity is probably the most important factor in determining the sta- 
bility of an emulsion. He also observed the changes in the cataphoretic 
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velocity of a paraffin oil-in-water system in the presence of protective 
colloids, and found that the addition of gelatin influences it, depending 
on the acidity of the emulsion. Higher concentrations of gelatin (pH 4.7) 
result in a cataphoretic velocity of zero, as is found in pure gelatin, because 
every oil particle is surrounded by a film of gelatin, forming a water/gela- 
tin interface. The stability curves also show a minimum, depending on 
the acidity of the emulsion (the higher the pH, the lower the minimum 
stability). This is true of the concentration of the gelatin at which 
the charge becomes zero, so that the instability of the emulsion may be 
referred to as a discharge. 

Steik,^®® discussing oil-in-water and water-in-oil emulsions and types 
of stabilizers, states that electrolytes aid greatly in stabilizing emulsions; 
that a difference of potential exists between the disperse phase and the 
continuous phase, and that a difference of about 0.06 volt affords a fairly 
stable emulsion. When the difference of potential is zero, the emulsion 
breaks; this is the iso-electric point. The critical potential is considered 
to be a point which lies just above the iso-electric point, and at which 
the emulsion begins to break. 

It has been explained by Brooks and Bacon®® that the action of 
electrolytes in reducing emulsion stability and inducing coagulation may 
be considered as due (1) to the suppression of the diffusion of the outer 
layer of the Helmholtz electric double-layer, thereby reducing the effec- 
tive distance at which the repulsive force between particles comes into 
play, and (2) to the actual discharge of the charged particles. 

Donnan ascribes the high stability often shown by dilute emulsions, 
produced by shaking a pure hydrocarbon oil with distilled water in a 
silica container, to the influence of an electric double-layer which retards 
coalescence. 

Usher determined the total charge on the particles of a suspension 
by neutralizing it with a measured quantity of oppositely charged ions, 
and by the effect of electrolytes in modifying the surface charge. Ions 
which attach themselves to the spherical particles of a uniform, stable sus- 
pension of gamboge, during the process of neutralizing flocculating ions, 
displace ions originally attached to the particles, but do not contribute to 
their effective charge. The total charge on the flocculating ions is, there- 
fore, greatly in excess of the effective charge considered responsible for 
the stability of the emulsion and for the electrokinetic behavior of the 
particles. When a suspension is diluted, an increase in the number of 
ions attached to each particle in the course of flocculation indicates that 
the net charge of the particles increases with their mean distance of 
separation. Among ions of the same valence, the flocculating power is 
determined by the solubility product of the compounds formed from both 
the flocculating ions and the stabilizing ions, the flocculating ions of the 
different electrolytes reducing the concentration of the ions stabilizing the 
suspension. Usher considers a theory involving slight dissociation of a 
layer of surface molecules preferable to other current theories in account- 
ing for the results of experiments on mobility made in conjunction with 
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those on flocculation, and for the effect of dilution in increasing the sta- 
bility of aqueous suspensions. 

Roberts, in his theory of emulsions, emphasizes the fact that electro- 
kinetic potentials and surface tensions exist on both sides of the interface, 
this conception being supported by interfacial tension measurements 
according to Harkins* ring method. Further, he assumes that an emulsion 
is stable only when the surface energy of the disperse phase is greater 
than that of the continuous phase for, from each phase, those molecules 
which decrease the difference in energy are shifted toward the boundary ; 
for example, from the disperse phase, particles with the lowest polarity 
and from the continuous phase, particles with the highest polarity. Ions 
of high polarity tend to accumulate at the interface on the oil side, while 
ions of low polarity tend to accumulate on the water side. In the case 
of two antagonistic emulsifiers, such as sodium oleate and calcium oleate, 
a competition for position across the interface exists between them: 
calcium oleate in the oil tends to adsorb on the oil side, its polar end 
passing into the water, while sodium oleate in the water tends to adsorb 
on the water side, its non-polar end passing into the oil. The competi- 
tion for position across the interface may result in a repulsion between 
adsorbed ions of like charge, and this will tend to reduce emulsion sta- 
bility. 

It follows from investigations on the electric charge and from attempts 
to explain the origin of the charge that: (1) the existence of an electric 
charge on the dispersed droplets of an emulsion is fully proved for many 
emulsion systems; and (2) the electric charge present on the dispersed 
droplets, analogous to other colloidal systems, must be considered as an 
important factor in the stability of emulsions. As for the various explana- 
tions given by different workers for the origin of the electric charge, all 
have a grain of truth, but not a single one, except perhaps the Helmholtz 
double-layer theory, can be accepted as a working hypothesis for all kinds 
of emulsion systems. That electric charges at interfaces, whatever their 
origin, contribute to the stability of emulsions has been an accepted fact 
for many years. 

Size of Particles of the Disperse Phase and the Distribution of Sizes in 

an Emulsion System as Factors Relating to the Stability of Emulsions 

Donnan,®®’®®’®*^ investigating the stability of colloidal solutions and 
emulsions in relation to surface tension, predicted a critical diameter when 
one phase is finely divided and completely dispersed in the other, basing 
his prediction on thermodynamic principles. The order of magnitude 
anticipated was 10'® cm. Meunier and Maury found that the radii 
of droplets of a mastic emulsion are equal to 0.52 to 0.56 /a, and of gam- 
boge (gum resin) emulsions, 0.14 to 0.46 /x. Lewis ^®^ proved the exist- 
ence of the Donnan critical or equilibrium size of globules in a number 
of oil-in-water emulsions. He obtained an emulsion (2 per cent maximum 
oil content) in which the dispersed oil globules had a diameter of 4 X 10'® 
cm, a value of the same order of magnitude as Burton found for col- 
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loidal metals. Likewise, Lewis prepared an unstable emulsion of aniline 
in water, the globules of which also had diameters of the order 10’® cm. 
While Lewis found 10"® cm to be the order of the diameters of his emul- 
sion particles, Ellis,®® using similar emulsions prepared by shaking a 
special acid-free cylinder oil with water for two or three days, obtained 
globules of the order of 2 x 10"^ cm. Powis -®® states that in his emul- 
sions few globules exceeded 3 X 10"^ cm, or were less than 0.5 X 10"^ cm. 
Rubber latex emulsions examined by Henri contained 50 per cent of 
2 /*-diameter particles, the remainder being 0.5 fi in diameter. 

Roon and Oesper-^® prepared emulsions of cottonseed oil, benzene, 
paraffin, carbon tetrachloride and chloroform in dilute soap solutions 
having globules of about 1 to 2 ft in diameter. If gum acacia solutions 
are substituted for soap solutions, larger globules result, the diameters 
being from 3 to 50 ft. Fischer and Harkins measured the distribution 
of sizes for globules of paraffin oil (Finol) in water with sodium oleate 
as emulsifier and found that the highest percentage consists of globules 
of the order of one micron. For benzene-in-water emulsions, using the 
same emulsifier, a slightly smaller globule diameter is more frequent. 

Young 2®® gives an example of spontaneous formation of an 
ordinary emulsion by mixing water, petroleum oil and an “automatic^^ 
emulsifier called ‘^cresoap” (a mixture of soft soap and cresol). The 
author compares this emulsion, which acts as if it were alive, with living 
protoplasm, because of the flowing and revolving movements which it 
exhibits. Schemyakin succeeded in producing a multiple macro- 
emulsion (toluene/gelatin/water). Its formation is spontaneous, and it 
consists of a suspension of gelatin globules (diameter 0.1 to 0.25 cm) 
containing minute droplets of toluene which float in the excess toluene; 
it resembles frog eggs in appearance. In case of diffusion of alkali in 
gelatin and agar-agar gels, replaced by chlorhydrate, spontaneous forma- 
tion of a chloroform emulsion was observed. Kniga and Wischnewskaja ^®® 
stated that a double emulsion (the emulsion drop of the external emul- 
sion contains still smaller drops of the internal emulsion) is obtained 
when benzene and water are emulsified with lecithin. 

The actual size of the particles was determined by different investi- 
gators for various emulsion systems, but the particle sizes of the disperse 
phase cannot be averaged in this manner. In order to ascribe a certain 
order of magnitude of size to the disperse globules, the distribution of sizes 
in the emulsion investigated should actually be obtained. 

The particle size of the disperse phase may be an important factor 
in determining the type, amount, and permanence of an emulsion system. 
All emulsions contain globules of different sizes, and it is only possible 
to estimate very roughly what the average size may be. In semi-solid 
emulsions the globules are much smaller than in ordinary liquid emul- 
sions. When an oil is emulsified in a soap solution to form a durably 
stable emulsion, there is a dominant size of about 1.0 to 1.5 microns in 
diameter; but there are some globules three or four times this size, as 
well as much larger ones of 25 to 30 microns, or smaller ones, down to 
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one-tenth of the dominant size. The character of the oil has an effect 
on the size of the globules. Emulsions of the lighter paraffins, such as the 
various naphthas and gasoline, are fairly fine-grained. Crude petroleum 
contains heavy hydrocarbons, such as lubricating oils, asphalt, asphal- 
tenes, and usually small proportions of earthy material, which are 
probably present in colloidal solution and may be reasonably expected 
to act as emulsifying agents. The nature of these asphalt-like bodies in 
the crude oil probably depends on the ratio of the light fractions to the 
lubricating fractions; and consequently the tendency to emulsify should 
be expected to vary, the tendency toward emulsification decreasing as 
the dispersion approaches a true solution. This indicates that the degree 
of dispersion of the asphalt-like bodies is more favorable for emulsifica- 
tion in light fractions than in heavy ones. (The effectiveness of asphalt 
as an emulsifying agent was tested by Dodd in preparing emulsions of 
distilled water dispersed in gasoline solutions of asphalt at various con- 
centrations) . 

Wright states that it has been found from a study of oil-field 
emulsions that their age can be determined approximately by microscopic 
examination of the disperse phase. For example, when the globules are 
spherical in shape but vary greatly in size, it is safe to assume that the 
emulsion is of recent origin and formed at, or near the point of, production. 
When the globules are spherical in shape and uniform in size, it may be 
assumed that the emulsion was formed sometime prior to, and not at the 
point of, production. Finally, when the globules are irregular in shape, 
but of uniform size, with a withered, skin-like membrane surrounding 
them, somewhat like linseed oil which has been dried in air, it is safe to 
assume that the emulsion is very old, probably due to the admission of 
water to the oil under pressure in years past. 

Wiegner,^®^’-®^’^®^ discussing the phenomenon of “hysteresis” in emul- 
sion systems, indicated that an emulsion changes the number of its 
particles until it reaches a final stable state, the alteration depending 
upon the preparation, or on the so-called “prehistory” of the emulsion. 

By using a dc Laval centrifuge for the preparation of a very fine dis- 
persion of olive oil in water, from 1 cc 5 X 10® oil globules could be cen- 
trifuged. Wiegner assumed that olive oil is so finely divided in water 
that the disperse phase can no longer be separated by the action of specific 
gravity and the system acquires colloidal properties. Pickering^s hypo- 
thesis on emulsification has as its principle films of insoluble particles 
enveloping oil globules. He expressed the opinion that emulsification 
depends solely on the size of the dispersed particles forming the pre- 
cipitate, and that the average size of the globules in an emulsion is 
dependent on the size of the particles of the emulsifier employed. 

Pickering adopted this view from his experiments on basic copper sul- 
fate and similar substances. He found that when oil is broken into small 
globules by being forced through a syringe, and these globules are placed 
in contact with a number of solid particles, the latter will be attracted to 
the globules, preventing them from coming into contact and coalescing 
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with their neighbors. Whether gravitation or other forces account for 
such a result, he did not determine. Pickering supported the idea that 
the size of the globules in the emulsion depends upon the size of the 
particles of the emulsifier by the fact that an emulsion formed with basic 
ferrous sulfate has a much finer division of droplets than one formed with 
copper sulfate, because the particles of ferrous sulfate are smaller than 
those of copper sulfate. With cadmium and basic zinc sulfates, the parti- 
cles are comparatively large and the emulsion is coarse. However, the 
chemical behavior of the emulsifier might account for this, and the size 
of the particles may not be the determining factor. Pickering^s stand- 
point offers a good explanation for emulsification and is in harmony with 
the facts observed by him. 

On the other hand, Pickering finds it quite conceivable that the glo- 
bules in an emulsion may be uniform in size, and that their actual sizes 
in different cases may be in some simple ratio, as seems to have been 
proved in the case of raindrops (see Nature, No. 74, p. 230). This is 
irrelevant, since raindrops form by condensation of ionic nuclei, while 
emulsion particles formed by the dispersion of a continuous phase 
possess no such nuclei (Roberts). Still, this does not help matters much, 
since it is not evident that a difference in the size of the globules would 
make any difference in the percentage of paraffin in a given volume. For 
instance, in the case of spherical globules which are closely packed, i.e., 
touching one another, the percentage of the total volume occupied by the 
globules is independent of their size. This percentage, moreover, is 74.048, 
so that, since emulsions with more paraffin are obtainable, it is evident 
that the globules in them either are not spherical or else are not uniform 
in size. In a 99-per cent emulsion of fuel oil, the larger globules appeared 
to have six or seven times the diameter of the smaller ones; in a 94-per 
cent emulsion of gasoline, the proportion was about 3:1; the largest 
globules in this case have only half the diameter of those of the first emul- 
sion. A system of this type, with the interglobular spaces filled with 
smaller globules, accounts for percentages of paraffin higher than 74, but 
it does not explain the fact of a simple ratio, which Pickering says is often 
misleading and must be given special consideration when no explanation 
of its existence is offered. 

Bhatnagar noticed that the average size of oil globules is greater in 
emulsions containing free fatty acids and smaller in emulsions containing 
free alkali than when neutral oil and soap solutions alone are used in 
emulsions produced under like conditions. It is interesting to note that 
the addition of a small proportion of free alkali to a soap solution also 
decreases the size of the particles and results in clarifying turbid solutions, 
while the addition of free fatty acids increases both the size of the parti- 
cles and the turbidity of the solution. According to Bhatnagar, the 
degree of dispersion is another important factor in the stability of an 
emulsion; therefore when an attempt is made to arrange various emul- 
sifying agents in the order of their ability to emulsify, the particle size 
of the emulsifying agents must be taken into consideration. Bhatnagar 
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also is in agreement with Pickering’s viewpoint that the particle size of 
an emulsifying agent has a decided effect on the degree of dispersion. In 
another instance Bhatnagar^s states: ''But the manner in which any of 
the properties of the emulsion changes with the progress of coalescence 
is very complicated and no relationship is known between those physical 
properties and the average size of the aggregate.” 

Rene 220,221.222 remarks that Perrin was the first to apply gas laws to 
dilute emulsions made up of equal globules which act like visible mole- 
cules. These gas laws predict and explain the distribution of globules 
in the equilibrium state of a dilute emulsion under action opposed by 
Brownian movement. Rene finds it possible to compare an undiluted 
emulsion like Perrin’s with a compressed liquid, the molecules of which 
can be studied by applying van der Waals’ theory. In fact, what Perrin 
calls the "osmotic compressibility” of an emulsion, i.e., the way in which 
the osmotic pressure varies as a function of the concentration of globules, 
can be determined. The distribution of globules in the equilibrium state 
must be observed in a vertical column of an emulsion, and the number 
of globules counted. By means of van der Waals’ equation, the molecular 
weight of a compressed liquid with "invisible molecules” can be deter- 
mined, in the same way that the Avogadro number can be found by 
observing a compressed liquid with "visible molecules”; this is possible 
in an emulsion because there the individual mass of the molecule can be 
measured. Rene measured the compressibility of an emulsion having 
equal globules and found Avogadro’s number to be 6.0 X 10 ^^. 

The idea of measuring the distribution of sizes of emulsion globules 
as an important characteristic of emulsion systems was supported by the 
experimental results of Finkle, Draper and Hildebrand.^® They deter- 
mined the distribution of the number of droplets according to their diam- 
eter in emulsions in which sodium, potassium and cesium palmitate were 
used as emulsifying agents. The atoms of sodium, potassium and cesium 
increase in diameter in the order given. They also determined the distri- 
bution of sizes of the corresponding emulsions and found that the drop- 
lets of oil decreased in diameter as the emulsifying agent was changed 
from sodium to potassium to cesium palmitate. These results were con- 
sistent with the “oriented wedge” theory.* But this was later disproved 
by Harkins. It has been proved that particle size depends on the amount 
and intensity of agitation. 

Experiments in which diffused light was applied in determining 
the distribution of sizes of emulsion globules showed that particles in the 
disperse phase, droplets of which have diameters at least two or three 
times the wave-length, can be determined directly by the shape of the 
curves showing the relation between the intensity of light and the con- 
centration. These curves, expressing mass as a function of distribution, 
agree with those calculated from microscopic measurements. As may be 
seen by passing from the sodium soap to those of potassium and cesium, 
different alkali soaps show an increase in the number of small particles. 

♦ To be discussed further. 
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Harkins and Keith found that their preliminary experiments were 
in agreement with those of Finkle, Draper and Hildebrand; but upon 
more careful elimination of all factors and the use of a more suitable 
optical system, the distribution curve was found to be the sariie for 
sodium, potassium and cesium soaps used as emulsifying agents. Later, 
Harkins and Beeman found that, although most of the droplets have 
diameters of about 1.5 microns, so that the peak on the number distri- 
bution curve is independent both of the positive alkali ion of the soap 
and of the oil, there are many more -large droplets, if a viscous oil like 
Stanolax is used, than with a fluid oil like octane. By using magnesium 
or aluminum oleates, i.e., oleates of bi- or trivalent metals, they obtained 
water-in-oil emulsions. But, in this case too, the number distribution 
curves were practically the same as those found for oil-in-water emulsions. 
No change in the number distribution curve was obtained when an oil-in- 
water emulsion produced by the use of soap of a monovalent metal was 
inverted by the addition of a salt of a bi- or trivalent metal. The method 
of mixing was found also to have an effect upon distribution. Emulsions 
produced by a high-speed drink mixer, when compared with those made 
by a motor-driven egg-beater, showed that, while the distribution curves 
had the same form for the smaller sizes, the size of the largest drop was 
much smaller in the first case than in the second. In general, the number 
of large drops decreased with the time of stirring, more rapidly at first 
than later. 

The stability of an emulsion is determined by the comciaence of action 
of various factors. One of these is the character of the distribution curve 
of sizes and the pronounced presence of small-sized droplets, as indicated 
by the existence of a peak in the curve corresponding to a maximum 
number of certain size droplets. Harkins and Beeman suggested that 
a determination of the variation of the distribution of sizes of the dis- 
persed droplets of the emulsion with time gives a measure of its stability. 
S. Berkman used a new type of Leitz micro-projection apparatus for 
determining the distribution of sizes of globules in octane/water and 
Stanolax/water emulsions, with sodium oleate as the emulsifier. Each 
number distribution curve was obtained (a statistical method was used 
and the law of great numbers considered) by calculating and measuring 
an average of 1500 to 2000 droplets. The results obtained for the octane/ 
sodium oleate/water systems indicate that all distribution curves of sizes 
have a maximum corresponding to droplets of one micron in diameter. 
This maximum is independent of the concentration of the emulsifier, but 
the absolute percentage of droplets of one micron in diameter varies until 
the emulsion reaches equilibrium, the absolute percentage of these drop- 
lets becoming smaller when the percentage of droplets of the next size 
becomes higher. When an emulsion appears to be durably stable (15 
days, 2 months) (that is, reaching a static, not a dynamic, equilibrium) 
a deviation is obtained in the other direction, i.e., it contains 5 to 6 per 
cent of oil droplets 0.5 micron in diameter and a higher percentage of oil 
droplets 1.5 and 2 microns in diameter. Before a “durable^' equilibrium 
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corresponding to the stable state of the emulsion is reached, deviations in 
both directions, from the maximum to one micron in diameter, are 
observed. The courses of reaching equilibrium for octane/water emulsions 
with various concentrations of the emulsifier differ, as shown by the 
change in the absolute percentage of the various sized droplets in the 
number distribution curves. The absolute percentage of droplets of the 
same size in different concentrations of soap does not change much in the 
case of octane emulsions. 

The number distribution curves of sizes for Stanolax emulsions are 
about the same as for octane emulsions, and even the absolute percentage 
of droplets of various sizes is not much different. The maximum of the 
curve is at the one micron size. The character of the distribution curves 
is also the same on addition of oleic acid or sodium hydroxide. The 
stability of an emulsion seems to depend not only upon the distribution 
of sizes of particles of the disperse phase, when the system reaches equi- 
librium, but also upon the rate of increase in the amount of medium-sized 
particles, which can be produced by the addition or the presence of elec- 
trolytes. The durable stability of an emulsion of octane and water with 
O.IM sodium oleate -h O.OIM sodium hydroxide is less than that of an 
emulsion of octane and water with O.IM sodium oleate. The rate of 
increase in the number of medium-sized particles is pronounced in the 
case of heavy paraffin/Stanolax oil emulsions with a low concentration 
(0.01 or 0.005M) of sodium oleate, which corresponds to a rather unstable 
system, or to a system without durable stability. 

In order to study more thoroughly the kinetic changes as reflected in 
the distribution of sizes, it is necessary to take into consideration small 
rates of change ; therefore a mathematical analysis of the results obtained 
was required. The distribution of sizes and the corresponding percentage 
of droplets obtained experimentally for each emulsion were plotted 
directly as integral curves in a coordinate system, and from these integral 
curves, derivative curves were constructed. The shape of the differential 
curves and the level of the percentage of maximum small-sized globules on 
the derivative curves reflected the presence or absence of hydrolysis, high 
or low concentration of the emulsifier, and the relative age of the emulsion. 
The fact that stability of emulsions is generally determined by allowing 
the emulsion to stand until the disperse phase collects en masse to an 
extent decided upon by the individual observer greatly favors the new 
method proposed by S. Berkman for measuring the most important 
characteristic of an emulsion, namely, its stability. 

Recently, Bailey, Nichols and Kracmer described a method for cal- 
culating, by means of an integraph, the relation between the optical 
absorption coefficient of a colorless emulsion and the radii of particles 
from a series of ^Sveight-opticaP^ distribution curves obtained for Nujol/ 
aqueous glycerol emulsions. The particle size distribution is expressed 
as a relationship between dc/dr and r, where dc/dr is proportional to the 
weight of particles having radii between r and r -h dr. The low-speed Sved- 
berg ultracentrifuge gives the relation between d/(KC) /dr and r, where K 
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is the apparent absorption coeflScient of a suspension of particles with a 
radius r. If the weight-optical distribution is represented by the equation 
d{KC)/dr = fn(r) and the variation of the absorption coefficient K with r 
by the equation 1/K = Fit), then it follows that 


n 


fn{r).F(r) = 1 


Thus, each weight-optical distribution is expressed by a particular /(r) 
and Fir) which must be calculated from a series of simultaneous integral 
equations equal in number to the experimentally determined weight- 
optical distribution. 


Inversion of Phases in an Emulsion System and Factors Influencing It 

It is an established fact that in most cases three components are 
essential for the formation of a stable emulsion, namely, two liquids and 
an emulsifying agent. Theoretically, two types of emulsions are possible, 
according to which a liquid is dispersed as droplets. The inversion point 
of emulsions is defined as that point at which a change from an oil-in- 
water to a water-in-oil emulsion, or vice versa, takes place. In all proba- 
bility, this point also marks a region of instability and hence is of prac- 
tical importance from the standpoint of breaking emulsions. The work 
on emulsions indicates a tendency. ^?o study the factors affecting the 
inversion point. Seifriz,^^® investigating the relation between emulsion 
inversion and surface tension of oils which are themselves factors deter- 
mining the emulsion type, obtained data for eight oils which revealed no 
apparent relation between their surface tension values and the inversion 
point. 

Wilson 28® states that to reverse an emulsion type a substance that 
will produce the opposite emulsifying effect must be added. When sodium 
oleate is used as an emulsifier, the salt is hydrolized and is therefore 
present as sodium hydroxide, oleic acid and sodium oleate, rather than as 
a simple sodium salt. By using an excess of oleic acid with sodium oleate, 
an emulsion of the water-in-oil type results upon homogenization, when 
the oil is in excess of 62 per cent. The type of emulsion obtained was 
found to be affected more by variations in the sodium hydroxide than in 
the oleic acid. 

The inversion of a stable oil-in-water emulsion made up of a mixture 
of 1.4 g of oleic acid plus 70 cc of benzene in 28 cc of water containing 
2 cc of O.liV sodium hydroxide was observed when the amount of sodium 
hydroxide was increased to 4 cc (corresponding to 26 cc of water) . The 
emulsion thus formed was a water-in-oil emulsion, the 6 to 14 cc water- 
in-oil emulsion corresponding to the 16-20 cc oil-in-water emulsion. The 
inversion in phases was explained by decrease in the interfacial tension 
caused by increase in the concentration of the soap, as well as by an 
excess of oleic acid in benzene. 
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Hemmer/^’^ investigating the inversion of emulsions of xylene, carbon 
tetrachloride and soap solution, found the inversion point, which was 
above the critical geometrical point (74.05 per cent disperse phase), to 
be dependent on the physicochemical properties of both phases. He 
stated that the inversion point rises with a decrease in surface tension 
and that it corresponds also to a definite value of pH < 11-12, above 
which the inversion point drops. This is observed with both the oil-in- 
water and water-in-oil types of emulsion. Therefore, both types may 
be obtained below the critical geometrical point under suitable conditions. 

It has been assumed by Robertson that at the critical ratio of 
water to oil, as much soap is present as can surround the surface of the 
oil droplets without formation of intermediate spaces of more than molec- 
ular dimensions. The amount of soap collected at the contact surface of 
oil and water is determined by the distribution coefficient of soap between 

the two phases, according to Gibbs’ equation: r = — When this 

RT dc 

relation of both substances becomes smaller than the critical one, the 
system can no longer exist; instead, a system is formed having a greater 
surface, i.c., water, or a dilute emulsion of oil-in-water, emulsified in oil. 
Robertson states that the mechanical force which comes into play in the 
formation of the emulsion assures the largest possible contact surface 
between oil and water. If this surface possesses considerable surface ten- 
sion, as is the case when insufficient soap is present to surround the drop- 
lets completely, the system is destroyed and a new one formed, giving 
the next largest contact surface, in which water droplets or droplets of a 
dilute emulsion of oil in water are dispersed. 

Parsons and Wilson^®® investigated the inversion of phases: (1) in 
the case of highly purified Nujol; (2) in Nujol/water systems with added 
commercial oils; and (3) in emulsions of various commercial oils. In 
general, these investigators found that emulsifying agents which tend to 
produce an oil-in-water type of emulsion are those which are either 
soluble in water, i.e., the external phase, or those more readily wetted by 
water than by oil. Correspondingly, for the water-in-oil type, solubility 
or greater wetting ability of the emulsifying agent in the oil phase is a 
necessary prerequisite. Parsons and Wilson state that no critical ratio 
was found when magnesium and sodium oleates were used as agents for 
Nujol emulsions. Inversion of phases implies that the emulsifier can 
stabilize either form of emulsion, forming a protective film around the 
small particles. This opposes the theory of Bancroft who advanced 
the first theory of the relation between the type of emulsion and the 
stabilization agent. Further, he believed that the interfacial film between 
the disperse phase and the dispersion medium is a film having two surface 
tensions, one on the water side and the other on the oil side. 

It has been proved experimentally that for the oil-in- water type of 
emulsion, formed by monovalent cations dispersed in water, the surface 
tension is lower on the water side than on the oil side, the coherent film 
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formed by the soap tending to curve in such a manner as to enclose the 
oil globules in water, and that the water-in-oil type, in which the film is 
composed of soaps of di- or trivalent cations dispersed in the oil, has a 
lower surface tension on the oil side and the film has a tendency to curve 
so as to enclose the globules of water in the continuous oil phase. Clowes 
presented this schematically in Fig. 3. 



Fig. 3. (Clowes*"^) 
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Water-in-oil. 


According to this theory, the nature of the stabilized film would change 
in order to produce inversion, and the only effect of increasing the ratio 
of the disperse phase would be to allow the excess disperse phase to form 
a separate, non-emulsificd phase. In general, no true inversion point was 
noticed when the volume ratio alone was varied but, as would be expected, 
there is a maximum amount of oil which can be emulsified; above this 
point, the emulsion breaks. 

Clowes supported Parsons’ idea that the film around emulsion par- 
ticles has the properties of a plastic solid, and that if the emulsifying 
agent could be altered so that it would be wetted more by the internal 
phase, the emulsion would be inverted. Clowes was able to change an 
oil-in-water emulsion stabilized by sodium oleate to a water-in-oil emul- 
sion by adding a calcium salt which formed an oil-soluble soap which was 
insoluble in water. This inversion was confirmed by microscopic exami- 
nation, which showed that the oil globules (b) become distorted and 
elongated near the critical point at which large masses of water (A) and 
oil (B) are actively streaming. Beyond the critical point the emulsion 
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shows large drops of water surrounded by oil. In the water globules 
there are still smaller globules of oil exhibiting rapid Brownian move- 
ment. When this particular Brownian movement ceases, complete rever- 
sion to the water-in-oil type takes place. Fig. 4 presents the scheme of 
inversion with reference to the appearance of the emulsion given by 
Clowes. 



Fig. 4. Inversion of Emulsions (Clowes). 

A = water B = oil C = adsorbed film 

Clowes found that emulsions of oil in water are formed whenever 
there are more than four molecules of sodium hydroxide to one of calcium 
chloride; emulsions of water in oil, whenever there are less than four 
molecules of sodium hydroxide to one of calcium chloride ; at those points 
at which the ratio of sodium hydroxide to calcium chloride is exactly 4:1, 
neither type appears to predominate. 

These results were obtained from a study of emulsions of olive oil 
which, on account of its composition and the impurities present in it. 
undoubtedly behaves differently from mineral oils. Clowes observed, 
moreover, that if sodium oleate and calcium oleate are present in approxi- 
mately equivalent amounts in a mixture of water and benzene, no emul- 
sion can be formed. Results obtained by Wellman and Tartar contra- 
dict those reported by Clowes; therefore, Clowes* interpretation is not 
applicable to all soap emulsion systems. 

Briggs explainecl that sodium oleate and calcium oleate are mutually 
antagonistic emulsifying agents, and that when they are present in the 
right proportions, each neutralizes the emulsifying action of the other 
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Sodium oleate produces emulsions of oil in water, whereas calcium oleate 
produces emulsions of water in oil (benzene) . Bhatnagar found that 
the 4:1 ratio mentioned above was affected by the volume ratio of the 
two phases, as well as by other ions, and that it changed with different 
soaps. As Clowes first discovered, reversal of phase in oil emulsions can 
be caused by electrolytes, Bhatnagar adding that each of the emulsions 
investigated can be inverted by "suitable” electrolytes. Therefore, he 
states, a water-in-oil emulsion can be transformed by anions, such as 
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OH' and PO4'", whereas the reverse transition is brought about by the 
cations H', Al'", Fe", and Th"". 

Two conditions have been given by Schulrnan and Cockbain a,s 
essential for the formation of Nujol-in- water emulsions: (1) the inter- 
facial film must be electrically charged, and (2) it must be in a condensed 
liquid state. Furthermore, these investigators deduced that, in order 
to produce phase inversion of such emulsions, the electric charge on the 
oil droplets must be removed and the in ter facial film must acquire con- 
siderable rigidity. The addition of polyvalent ions (or charged molecules 
containing many polar groups capable of multiple-point interaction with 
the film-forming substances) to Nujol-in- water emulsions stabilized by a 
complex of the opposite charge produces the desired effect. The inter- 
facial film is discharged, water is squeezed out from the interfaces of the 
oil droplets, forming water “sacks” dispersed in oil, and the film mole- 
cules which are interlaced by the polyvalent ions cause a marked increase 
in the rigidity of the interfacial film. 

A Nujol-in-water emulsion stabilized by a liquid condensed mixed 
film, such as cholesterol plus sodium cetyl sulfate treated with polyvalent 
cations (Ca*^ or Ba*^^) is directly inverted into the water-in-oil type as 
shown in Schulrnan and Cockbain’s diagrammatic sketch. Fig. 5. The 
cations remove the diffuse double-layer of sodium cetyl sulfate, and the 
adsorption of cations destroys the negative charge on the oil droplets 
(Fig. 5a). Since the molecules of the interfacial film align themselves 
with their polar heads, water molecules are squeezed out from between 
the oil droplets (Fig. 6). In Fig. 5b, the oil droplets are in a state of 
coalescence after removal of the charge, a crystal packing arrangement is 
effected, and water “sacks” fioat away. 



SqUEEZEO OUT 
Fia. 6. 
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In Fig. 5c the emulsion is of the water-in-oil type. The hydrophobic 
chains of the molecules of the film adhere to the oil molecules of the con- 
tinuous phase as ionic head groups in interfacial films adhere to water 
molecules in emulsions of the oil-in-water type. 

Water “sacks^^ of irregular shape due to the rigidity of the interfacial 
film are typical of water-in-oil emulsions. No coalescence of the water 
''sacks” takes place, because the oil cannot be squeezed out from between 
them. The molecules of the interfacial film in the water-in-oil emulsion 
have their long hydrocarbon chains directed outward from the water 
"sacks.” 

Inversion of phases in an emulsion system may be the result of a 
sudden addition of a large amount of water, rapid stirring, or the 
addition of an emulsifying agent. Parke and Graham investigated the 
effect of adding water to both types of emulsions with reference to their 
viscosity. The emulsions investigated were (a) benzene (or Tetralin) 
and oleic acid in sodium hydroxide solution, and (b) benzene (or Tetra- 
lin) and sulfonated fish oil in sodium hydroxide solution. When water 
was added in increasing amounts, the viscosity decreased rapidly with 
increase in added water to emulsions of the oil-in-water type (a). For 
emulsions (b) the viscosity increased with the addition of water, passing 
through a steep maximum when about 25 per cent of water was added, 
and decreased on further addition of water. Emulsions having 20 to 25 
per cent water content are of the multiple type, while those having 27.5 
to 55.0 per cent water content are of the dual type, and there is a break 
in the viscosity when about 60 per cent of water is added. 

Bhatnagar also investigated the effect of dilution on the reversal of 
phase by electrolytes. He found that the greater the dilution, or the 
greater the distance between the oil particles in an emulsion, the larger 
the amount of multivalent electrolyte is required to bring about reversal 
of phases. He observed that free fatty acid and free alkali shift the 
inversion point in opposite directions. Tervalent electrolytes have a 
greater effect on the inversion of an emulsion than bivalent ones. The 
difference in the percentage of electrolyte required to bring about reversal 
of phases with different soaps indicates the probability of a difference 
in their protective action. Bhatnagar^s results show that the soaps, such 
as sodium and potassium stearate, sodium and potassium palmitate, and 
sodium and potassium oleate, can be arranged in the order of their pro- 
tective action with respect to paraffin oil. 

Briggs proved a similar antagonistic action for solids, showing that, 
among solid emulsifiers, carbon black emulsifies water in oil, and that 
finely divided silica emulsifies oil in water. It is evident, then, that the 
nature of the emulsifier definitely controls the type of emulsion system 
formed. Parsons and Wilson considered the mechanism of inversion 
to be first, a chemical reaction destroying the film, then a breaking of the 
emulsion, with formation of a polyvalent soap in the oil, and finally 
emulsification with the phases inverted. In general, according to these 
investigators, sodium oleate, a monovalent soap, produced more stable 
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emulsions than polyvalent soaps in the case of a Nujol system. When the 
equivalent concentration of a polyvalent ion exceeded that of a monova- 
lent soap, complete inversion resulted; when it was less, there was partial 
inversion. Hatschek draws attention to the fact that if the emulsifier 
in an oil emulsion is a colloid other than soap, gum arabic for example, 
the emulsion will not be inverted when a bivalent electrolyte is added 
to it. 

Bhatnagar^^ carried out experiments, keeping all other conditions 
constant, to determine the action of electrolytes on the inversion point 
by changing the volume ratio of the two phases. The results obtained 
indicated that the proportion of multivalent electrolyte, barium nitrate 
or aluminum sulfate, required to bring about inversion of the phases in 
a paraffin/water/lithium stearate system (0.12 millimol) is directly pro- 
portional to the volume of the aqueous phase and inversely proportional 
to the volume of the oil phase. Similar results were obtained with other 
soaps and electrolytes. 

Tartar, Duncan, Shea and Terrier, 2®® in their study of the effect of 
electrolytes upon emulsions, found that the nature of the oil also influ- 
ences the type of emulsion formed. Emulsions of benzene, toluene, and 
xylene, with water and sodium oleate as an emulsifier, formed the water- 
in-oil type when monovalent cations equal to those of the soap were 
added. The inversion zone for benzene was found to be between 025N 
and 0A5N sodium chloride; for toluene, 0.25Ar and 0.40Ar sodium chloride, 
and for xylene, 0,30A^ and 0A5N sodium chloride. The inversion point 
in the case of a benzene emulsion was shifted somewhat when sodium 
hydroxide solution was used together with sodium chloride solution, 
whereas in toluene and xylene emulsions the breaking point was not 
markedly influenced by the addition of sodium hydroxide. The emulsion 
consisting of 12 cc of benzene and 2 cc of aqueous solution of sodium 
oleate as emulsifier was destroyed by addition of various acids, such as 
hydrochloric, oxalic, etc., i.e,, when approximately enough acid was added 
to decompose the emulsifier. 

Abramowitsch-Dvoretzkaja ^ states that soaps of low molecular weight 
acids produce inversion of petroleum type emulsions at higher concentra- 
tion of the added electrolyte than do soaps of higher molecular weight 
acids. Under the influence of sodium hydroxide and sodium sulfate, 
sodium soaps of naphthenic acids give both types of emulsion, oil-in- 
water as well as water-in-oil. Gas oil and cylinder oil distillates also 
yielded both types of emulsion. It is stated that lowering of tempera- 
ture promoted formation of the water-in-oil type. 

Newman^s investigation questioned the formation of a water-in-oil 
type of an emulsion by a mere increase in the oil phase. Experiments by 
Robertson gave evidence favoring the formation of both types of 
emulsion by a change in the volume ratio of tlie separate phases. Bhat- 
nagar has shown that in very low concentrations of the emulsifying 
agents the phase ratio alone determines the formation of either type of 
emulsion in the case of viscous oils like B.P. paraflSn and olive oil, but 
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this is not true in the case of light oils like kerosene. It was also pointed 
out by Bhatnagar that the stability of a water-in-oil emulsion obtained 
by simply increasing the proportion of oil is less than that obtained when 
the nature of the emulsifier aids the stability. Sanyal and Yoshi found 
that the nature of the emulsifying agent is more significant than the 
volume ratio when the concentration of a soap solution is increased to 
about one per cent, and that oil-in-water emulsions are stable only with 
a soap like sodium oleate. Water-in-oil emulsions were formed when the 
concentration of the emulsifying agent was less than one per cent and the 
oil used was viscous. In these cases, the volume of both phases is an 
important factor in determining the type of emulsion formed. These 
investigators state also that the mechanics of dispersion can be main- 
tained uniform with the use of various emulsifying agents. However, 
Roberts states that the presence of emulsifiers does not appreciably 
alter the dispersion characteristics of the system. Oleic acid reverses the 
phase relations witii alcohols, dimethyl aniline, nitrobenzene and Stanolax, 
and causes carbon tetrachloride, benzene and heptane to disperse in water. 
Magnesium palmitate causes the water to become the disperse phase. 
Sanyal and Joshi deduced therefrom that the character of the film formed 
by the magnesium palmitate at the liquid/liquid interface was such as to 
protect water droplets in oil, but not oil droplets in water. The instability 
of oil droplets in water in the presence of magnesium palmitate is no more 
related to shapes and sizes of molecules than is any other dispersed sys- 
tem in the presence of an emulsifying agent. 

The term “dual emulsions^^ is applied to emulsions of the same pair 
of liquids having the same emulsifier, but present in opposite types, such 
as oil-in-water and water-in-oil emulsions. These emulsions, whfen 
studied by Cheesman and King,^^*^»^^® were prepared with the pairs water- 
amyl alcohol and water-kerosene, using as emulsifying agents for both 
systems sodium oleate, magnesium oleate, sodium cetyl sulfonate, finely 
divided carbon (pigment black) and bentonite. The emulsions were pre- 
pared by three methods. The stability was measured by determining the 
time required for 5 cc of the disperse phase to separate from 50 cc of the 
emulsion. In nearly every case the phase-volume ratio and the pro- 
portion of the emulsifying agent were identical for both the oil-in-water 
and water-in-oil types. The results obtained make questionable the rule 
that a given emulsifying agent is capable of stabilizing an emulsion of 
one type only. 

In studying emulsions prepared from amyl alcohol and an electrolyte 
solution, Cheesman and King^^*^’^^® ascertained the applicability, over a 
wide range of pH, of Lederer^s formula: dV/dt = jRl( 1 — Y).y® ®, where 
V is the disintegrated amount; time; and K, constant, characteristic of 
the stability of emulsions. In the case of alkali emulsions, the dispersion 
conforms to this relationship, while it is not fulfilled with more stable and 
acid emulsions. The influence of the hydrogen and hydroxyl ion concen- 
tration upon the dispersion process is clearly revealed. 

Nagelstein ascertained that the stability of the Cheesman and 
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King emulsions is affected not only by the alkali dissolved from the glass 
containers, but also to a greater extent by the atmosphere and distribution 
of the enclosed air. The stability of emulsions is affected by the enclosed 
. ir in two ways: (1) by purely mechanical means, and (2) by tempera- 
ture variations which bring about changes in concentration by alternate 
vaporization and condensation. 

Woodman advanced a theory according to which the formation of 
dual emulsions is due to differences in the distribution of the emulsifier 
between the two liquid phases. He found, for emulsion systems contain- 
ing cresylic acid, phenylhexaline or methylhexaline, water and gelatin, 
that by the formation of the oil-in-water type with cresylic acid, for 
example, the aqueous phase contains more gelatin than by the formation 
of a water-in-oil emulsion. In another work, Woodman emphasized 
the possibility that gelatin may give emulsions with cresols of the oil-in- 
water and water-in-oil type, depending upon the phase-volume relation- 
ship whereby the excess of one liquid phase is the determining factor. 
The excess in water gives the oil-in-water type and vice versa, and by a 
definite phase-volume relation, dual types of emulsions may be obtained. 
In certain instances both types of emulsion formed when the con- 
stituents were not varied in amount, the mechanical agitation in their 
preparation being the decisive factor. 

Rehbinder,2i* studying toluene/sodium oleate/water emulsion systems, 
used magnesium sulfate as an ‘finvertor,^^ assuming that during the 
change of phase an intermediate stage takes place, characterized by a 
foaming interface emulsion, which permits following quantitatively the 
phase change in emulsions. 

Bancroft,^®' as well as Newman,^®® believed that whether one liquid 
is emulsified in a second, or the second in the first, depends on the nature 
of the emulsifier. A hydrophilic colloid tends to make water the external 
phase and a hydrophobic colloid tends to make it the internal phase. The 
emulsifying agent in petroleum is dominantly an oil-soluble colloid, 
because petroleum emulsions are mostly of the water-in-oil type. Mag- 
nesium oleate was found to be the best emulsifying agent tried up to 
1914 for making an emulsion of water in benzene. These emulsions 
become much more stable if a little sodium oleate is also present. But 
whether emulsions of water in benzene or of benzene in water are obtained 
depends upon the relative proportions of magnesium oleate and sodium 
oleate. Stamm and Kraemer report that in mixtures of water with iso- 
amyl alcohol, n- and isobutyl alcohol, a-ethylacetate, dimethyl aniline, 
nitrobenzene, chloroform, carbon tetrachloride, benzene, or heptane, the 
disperse phase is the less viscous. Perhaps the changes in viscosity 
observed by Caldwell in such mixtures arc active here. The addition of 
oleic acid enables water to become the disperse phase. The addition of 
magnesium palmitate has the opposite effect. If glycerin is used without 
an emulsifying agent, it is always the disperse phase. The addition of 
potassium palmitate makes it the continuous phase. 

Seifriz^s experimental data indicate the possible influence of acidity 
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on phase reversal. That the pH value is a factor in phase reversal is true 
in certain cases, but not in others. Hydrogen ion concentration must 
affect the reversal of an emulsion by acting on the emulsifier, possibly on 
its hydration power. Consequently, the effect of pH will differ in emul- 
sions with different emulsifiers. When dilute solutions of alkali are used, 
a comparatively large amount of free fatty acid is left unneutralized in 
the system. The presence of free fatty acid or free alkali makes the sys- 
tem more complex and, in addition, seems to have a definite effect on the 
equilibrium of the emulsion. Comparable results can be obtained only by 
using a neutral oil and soap solution. 

The question why different types of emulsions, such as oil-in-water or 
water-in-oil, are formed, Briggs answers by saying that it is generally 
agreed, without a satisfactory explanation, that the liquid which wets 
the emulsifier more thoroughly under the conditions of the experiment 
tends to become the continuous phase; the less wetted liquid is broken 
up into droplets and becomes the disperse phase. 

Weichherz,^^®*^^® in his article, ^The Knowledge of Emulsions,’^ says 
that the assumption that hydrocarbons form only oil-in-water* emul- 
sions with alkali soaps is false. He further reports that small percentages 
of phenols, alcohols and water promote the solubility of alkali soaps in 
hydrocarbons. The systems investigated up to the present contained 
small proportions of soap, and the significance of the solubility of the 
alkali soaps in the hydrocarbons was neglected. On the one hand, it was 
proved that the solubility of the alkali soap in the hydrocarbon was 
unquestionable; on the other hand, it was observed that at high soap con- 
centrations (according to the unfavorable soap distribution coefficient) 
water-in-oil emulsions were formed. 

Phase reversal can be caused by a change in soap content in terms of 
phase-volume relation, the soap being distributed between the two phases, 
and some kind of distribution equilibrium is obtained. At the boundary 
surface, soap is adsorbed from both phases, and this adsorption equi- 
librium prevails over the distribution equilibrium. The boundary phase 
consists of soap/water micelles which are adsorbed by the aqueous phase 
when the soap content is small. With a large soap content or a relatively 
small aqueous phase, the soap concentration in the oil phase is consider- 
able, and at the boundary surface hydrocarbons and soap micelles become 
adsorbed. The phase reversal of emulsions follows a certain phase- 
volume relationship with critical soap content when a critical phase- 
volume is selected. The critical point is not sharp, and limits can be 
given only within which neither of the emulsion types is stable. Phase 
reversal was obtained by the addition of multivalent salts. An ionic 
antagonism is assumed between the multivalent and monovalent salts, 
the antagonism existing in the relative adsorption of ions from the salts 
at the boundary surface. Simultaneously, this selective ion adsorption 

♦A great deal of conflicting evidence on types of emulsions formed with alkali 
soaps appears to bo due to the use of old dilute soap solutions which have hydro- 
lyzed, producing oil-.soluble acid-soaps that promote water-in-oil emulsions. 
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causes a change in the wettability of the soap. As for ion antagonism in 
Clowes' sense, Weichherz says there can be no question that on addition 
of calcium chloride the water-soluble soap becomes insoluble in water, 
but soluble in hydrocarbons, being converted into a stoichiometrically 
defined calcium soap. If sodium chloride is added to this system, the 
calcium soap is converted into sodium soap which becomes soluble in 
water, and an oil-in-water emulsion is again formed. The ion antagonism 
exists only as long as the percentage of sodiunx. chloride added does not 
roach the precipitation limit for the soap, at which it becomes insoluble 
in water in spite of mass action. Therefore, the distribution of soap in 
the hydrocarbon phase is improved and the formation of water-in-oil 
emulsions is more plausible. At the limit, the ion antagonism between 
calcium chloride and sodium chloride is ended and a definite phase 
reversal is produced. The apparent ion antagonism exists at only very 
low soap concentrations. 

Summarizing our knowledge of the conditions influencing the reversal 
of phases in an emulsion system, we may say that no sharp line of demar- 
cation can be drawn between the conditions suitable for the formation of 
one type or the other. Only by working under identical conditions and 
using the same emulsion system with the same emulsifier, or at least an 
emulsifier of a class with the same properties, can we expect to find the 
conditions of volume, composition, presence of electrolytes and their 
valence favorable for the transition of one system to another. 

Adsorption of the Emulsifying Agent at the Interface, Film Formation, 

and Variations in the Nature and Thickness of a Film as Factors in 

the Stability of an Emulsion 

In the section on surface tension, mention is made of the relation exist- 
ing between the surface tension, the adsorption of the emulsifier, and the 
stability of the emulsion system. The relationship between surface ten- 
sion and concentration on a thermodynamic basis was first pointed out by 
Gibbs. This he formulated into the well-known Gibbs equation: 

-C ^ 

RT dc 

where r is the increase in concentration at the boundary surface; C, the 
concentration of the solution; a-, its surface tension; T, the absolute tem- 
perature; and Rf the gas constant. The Gibbs equation shows that three 
factors, i.e., solubility, surface tension and adsorption, are closely related. 
The validity of the Gibbs equation was tested by Donnan and Barker 
for nonylic acid; they found, by direct measurement, that the adsorption 
was 1.0 X 10'® gr/sq. cm, whereas the equation gave 6.0 X lO'*^ gr/sq. cm. 
Likewise, other quantitative investigations of the Gibbs equation have 
not given concordant results. The adsorption at the interface, as found 
by experiment, has usually been far greater than that called for by the 
reduction of the surface tension. This is brought out in Table 
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Table 9. Comparison of Interfacial Adsorption as Found and Calculated 
from Gibbs’ Equation 


Substance 

Sodium glycocholate 
Congo red 
Methyl orange 
Sodium oleate 
Caustic soda 


Adsorption (gr/sq. cm of substance, 
assumed to be in the form of an 
undissociated salt or in chemically 

/ equivalent ionic proportions ^ 

Found Calculated 


5.0 X 10-* 7.0 X 10-® 

3.7 X 10-® 1.1 X 10-'’ 

5.5 X 10-* 1.2 X 10-^ 

10 -® 10 -* 

1.5 X 10-" 7.5 X 10-^ 


In fact, the experimental evidence as given in this table shows a far 
greater surface adsorption in the case of colloids than with substances to 
which Gibbs’ equation strictly applies. 

Adsorption, according to the Gibbs-Thomson principle, is such that 
the dispersed substance accumulates at the boundary surface. If a col- 
loid is present, characteristic irreversible changes may take place, such 
as the formation of skins or films. The formation of skins, for instance, 
often interferes with the accurate measurement of surface tension and 
may cause a difference between calculated and experimental values.^®"^ 
Shorter 246,247 states that Gibbs’ thermodynamic theory of the changes in 
the surface layers of solutions involves the assumption that they are 
reversible. Many of the most interesting and important changes in chem- 
ical composition at surfaces, however, involve actions which may be 
either irreversible or reversible, but are extremely slow. Shorter pointed 
out that these include surface changes of many colloidal or semi-colloidal 
solutions. An extreme case of irreversibility is offered by aqueous solu- 
tions of albumin. If a hydrocarbon oil is shaken with a solution of 
albumin, an emulsion is formed which lasts a long time even if the solu- 
tion around the droplets is replaced by pure water. In this case, the 
quasi-solid skin around each droplet differs from the albumin in the 
solution, and the change produced in the surface layer is a kind of 
coagulation. The question of the reversibility of the process of concen- 
tration of a dissolved substance in the interface layer (adsorption) must 
be considered important in connection with the stability of emulsions on 
dilution. Emulsions made with soap as the emulsifying agent are unstable 
when diluted beyond a certain point. The addition of certain other col- 
loids increases their stability in this respect. It is a fact that protection 
against the breaking of an emulsion is usually assumed to be due to a 
film of some kind at the interface. The nature and properties of this 
film are only vaguely understood. The tendency to coat liquid droplets 
with an adsorbed layer, giving stability to the droplets of the disperse 
phase, is observed with some emulsifying agents. If fairly large droplets 
of a solution of saponin, a good emulsifying agent, are allowed to fall 
into a second liquid, they do not immediately assume spherical form, as 
would be expected, under the influence of surface tension. The droplets 
often retain their elongated form for a considerable time, indicating that 
the coating of the emulsifying agent possesses considerable rigidity 
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Bancroft writes that the emulsifying power of saponin is easily 
understood when one observes the form of the drops produced as they 
flow through cottonseed oil. A drop of saponin solution as it is detached 
takes the form of a pear with the stem plainly visible. This stem, the 
remainder of the filament drawn out as the drop is detached, may remain 
visible for many minutes. Wilson and Rios carried out similar experi- 
ments and made photographs of drops of oil containing saponin that had 
been allowed to fall into a salt solution. The drops formed under these 
conditions also have peculiar properties, in that they maintain irregular 
shapes and even sharp points for long periods of time. These investiga- 
tors pointed out that by comparing the photographs taken 30 minutes or 
more after the formation of the droplets, it appears that there is less 
tendency to form plastic solid films at interfaces than at free surfaces, 
although they are undoubtedly formed in some of the more concentrated 
solutions of saponin and sodium stearate. Lower concentrations give films 
apparently of high viscosity; but if they have a definite breaking point 
characteristic of plastic solid films, it must be small compared with the 
forces of surface tension at concentrations below 1 and up to 5000. One 
factor which might account for the apparent greater difficulty in obtain- 
ing evidence of the presence of plastic solid films between liquids is that 
all the surfaces studied in this case were curved, whereas the surface 
films previously investigated were plane. 

Solutions which form plastic solid films give high surface tensions 
because the yield of the plastic solid film is added to the true surface 
tension. Wilson and Ries think that solid plastic films are of colloidal 
rather than of molecular dimensions. Undoubtedly, similar resistant 
films form at the surfaces of the much finer droplets in emulsions. It is 
claimed that under the microscope some emulsions plainly show the films 
separating the globules. In the case of several emulsions, notably one of 
olive oil and saponin solution, Ramsden 2ii»2i3,2i6 prove the 

existence of membranes separated out from the liquid/liquid interface. 
The adsorbed layer of emulsifying agent manifested itself in the extreme 
viscosity at the interface, the deformed appearance of the dispersed glo- 
bules, and the actual appearance of semi-opaque membranes. Ramsden 
states that some adsorption surfaces are extremely viscous or even rigid 
— for example, saponin and nearly all the proteins — and the adsorbed 
particles must then be directly in contact. Others are freely mobile — for 
example, quininic acid soaps — and the particles must then be either more 
widely spaced or so oriented that only “liquid^^ cohesions come into action. 
In many cases, where adequately durable bubble films are obtainable, the 
interference colors develop as the film becomes thinner, form in horizontal 
bands when the surfaces are mobile, but are chaotic when the surfaces 
are rigid. In the case of saponin, Ramsden found evidence that, before 
adsorption has become too great, every molecule of saponin coming into 
the surface region is propelled to the actual interface and, although still 
soluble, is kept there permanently. Up to this stage adsorption is abso- 
lute and independent of the concentration of the bulk solution. 
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No existing adsorption equation is accurate, according to Ramsden, 
since it cannot take into full account the effects of varied orientations, 
intramolecular strains and molecular spacings at different levels of the 
surface region. Mixtures of a solute, which form rigid surfaces with a 
solute of much greater tension-lowering power, such as sodium oleate 
which does not form a rigid surface, have free surfaces. Hence the solute 
which lowers the tension to a “greater” extent, although less adsorbable 
in quantity, appears to be preferentially adsorbed. Ramsden is uncertain 
whether the solute which might form rigid surfaces is completely excluded 
from the surface regions, since some of it might conceivably be present in 
capsules in the other solute. If the adsorbed material is soluble, the sur- 
face becomes mobile; but if it is insoluble, the surface retains some of 
its original rigidity. However, the possibility is not excluded that both 
substances may be present in the interface, possibly in equal proportions 
or even with an excess of the solid-forming material. In such cases, it is 
only necessary to assume that one material acts as a “solvent” for the 
other, so that mixtures of the two may easily give rise to mobile films. 
Physically, such an effect is readily explainable on the basis that the 
“solvent” component decreases the intermolecular cohesion of the “solid” 
component, so that the mixture is liquid over a wide range of concen- 
trations. Interfaces between appropriate aqueous solutions and liquids 
immiscible with water, as well as emulsion interfaces, are mobile in some 
cases and rigid in others, regardless of whether the emulsions are of the 
oil-in-water or the water-in-oil types. Clowes demonstrated similar 
enveloping films in emulsions of olive oil. Clark and Mann found these 
films in emulsions of benzene and kerosene stabilized with egg albumen. 

According to Bancroft, as well as to Holmes and Cameron, the 
stability of any emulsion is largely due to the nature of the interfacial 
film which is formed. The interfacial film may be regarded as an equi- 
librium product resulting from precipitating action on the water side and 
peptizing action on the oil side. When equilibrium is reached the amount 
of cellulose nitrate, for example (used as an emulsifying agent for dis- 
persing water in a mixture of amyl acetate and benzene), in the film 
should be in equilibrium with the amount in solution. “An ideal emulsi- 
fying film,” according to these investigators, should be elastic and tough 
and change but little on ageing. Such a film will be gelatinous and 
swollen on the oil side because of the peptizing action. On the “water” 
side the cellulose nitrate will be coagulated and “wetted” somewhat by 
the “water” phase. Visible concentration films of cellulose were actually 
observed around large drops of water emulsified in an amyl acetate/ben- 
zene system. Newman also assumed that a hydrophilic or a hydro- 
phobic colloid, in order to be a good emulsifying agent, must be able to 
form a coherent film around the internal phase. He states that for a 
permanent emulsion the film arcfund the globules of the emulsified phase 
must not age very much. 

Sheppard obtained photomicrographs of certain aged granular sys- 
tems of paraffin oil in water with saponin as an emulsifying agent, and of 
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nitrobenzene in aqueous sulfuric and hydrochloric acids, with tannin, 
dextrin, gum arabic and lampblack as emulsifiers. At higher magnifica- 
tion (100 times) , the globules of the disperse phase appeared to be covered 
with semi-elastic membranes consisting of, or containing, small globules. 
Seifriz has published interesting pictures of interfacial films as devel- 
oped in hydrocarbon oil emulsions stabilized by casein (Fig. 7). It is 
generally agreed that emulsifiers form inter facial membranes (Langmuir, 
Harkins and Adam) . A microscopic examination of a petroleum emul- 
sion, according to Wright, at times shows water globules with a 
withered or skin-like membrane. The adsorbed films stabilizing emulsion 
droplets are not always of sufficient thickness to be visible under a micro- 
scope. It is true that, in many oil emulsions to which a substance has 
been added as a stabilizing agent the membranes surrounding the dis- 
persed liquid particles are definite morphological structures, which at 
times are visible under a microscope. 


WATER OIL 



WATER 

CASEIN 

HYDROCARBON 

OIL 


B 

Fig 7 A. The petroleum oil is of light weight (specific gravity below_ 0528) and 
the emulsion is an oil-in-wator one. B. The petroleum oil is of medium weight 
(specific gravity 0.828 to Q.8.57) and cannot be emulsified. C. The petroleum oil is 
of heavy weight (specific gravity above 0557) and forma a water-in-oil emulsion. 


Briggs^®’*® ernphasized the point of view that apparently soluble 
emulsifiers are in colloidal suspension in the external phase of the emul- 
sion and therefore constitute a third phase in the system, exactly as a 
solid emulsifier is seen to constitute a third phase in such systems. That 
emulsifying agents may be in true solution was amply proved by Holmes 
and Williams.^^^ The globules of liquid in all ordinary emulsions are 
invariably coated with some kind of film or pellicle which tends ^ pre- 
vent coalescence; and this film is present whether the emulsifier is 
apparently soluble or consists of a finely divided solid. Thus, in view 
of most of the experimental evidence, it seems safe to assume that the 
presence of a film of emulsifying agent is essential to the existence of all 
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ordinary emulsions.^^'*®*^^® The interfacial film between the two phases of 
an oil-in-water emulsion may be, because of refraction, a definite struc- 
ture visible in a microscope; or the conditions may be such that oil and 
water are apparently miscible. When an emulsion passes through the 
transition stage from one type to the other during inversion, the inter- 
facial tension is reduced to a minimum, as would be expected. Theoreti- 
cally, there should be a point at which the surface tension between oil 
and water is zero. 

Adsorption phenomena, as applied to petroleum emulsions, are dis- 
cussed by Gurwitsch,^2 states that 'Tn petroleum oils and most petro- 
leum distillates we have to do with solutions of resinous and similar 
hydrocarbons. These compounds reduce the surface tension of the oily 
constituents at a limiting surface of water or solution of salt very con- 
siderably. Therefore, at the oil/water surface a more or less considerable 
concentration of resinous and similar substances must always take place. 
This same phenomenon plays the principal part in the formation of petro- 
leum emulsions. In this case the surface layer of this liquid must become 
a more concentrated solution of the dissolved substance, and by this 
means a thin film may be formed on the limiting surface of the drop of 
sufficient stability to withstand the disruptive action of the surface ten- 
sion, and to prevent fusion of the drops.” Such film-forming substances 
are found in petroleum and petroleum products in the asphaltic and 
resinous compounds on one hand, and in soaps of naphthenic acids on the 
other hand. Gurwitsch expects, according to Gibbs^ theory, a concen- 
tration of asphaltic and resinous substances, as well as of naphthenic 
soaps, at the limiting surfaces of petroleum and petroleum products in 
water. This may be proved to be the case by direct tests such as, for 
instance, the agitation of a dilute solution of petroleum resins in gasoline 
with water. After agitation has ceased, there is a considerable layer of 
an emulsion of honeycomb structure, consisting principally of angular, 
relatively large cells filled with water, their walls made up of thin films 
of oil between the gasoline solution and the water. That these films 
possess considerable stability is shown by the fact that they sustain, 
without breaking, a small piece of glass thrown on them; and ragged 
fragments of these films are seen hanging in the water. Such behavior of 
emulsion films suggests that they do not consist of the original gasoline 
solution, but are concentrations of the solid, resinous substances. This 
may be proved by analyses of the gasoline solution before and after agi- 
tation with water. In one experiment, for instance, the resin content of 
the solution fell from 1.015 to 0.998 per cent after agitation with water, 
and in another from 1.647 to 1.628 per cent. The fact that various petro- 
leum products form different resin films on agitation with water is also 
of great interest. If, for instance, a one-per cent solution of petroleum 
resin in kerosene is used instead of a gasoline solution, the film has much 
less strength and stability than in the other case. Still weaker films are 
formed by a one-per cent solution of spindle oil. The honeycomb emul- 
sion, initially formed after shaking, is destroyed quite rapidly on stand- 
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ing, because the film walls of the cells collapse and finally only a thin 
layer of emulsion is left, consisting of small drops of water floating in oil. 
The reason for this different behavior seems to be that, according to 
Gibbs' theory, the more the dissolved substance concentrates in the boun- 
dary layer the more the surface tension of the oil is depressed. The 
depressing influence of the petroleum resins on the surface tension between 
water and gasoline is considerably stronger than that between water and 
kerosene, and the latter is stronger than in the case of water and spindle 
oil as shown in Table 10. 

Table 10. Surface Tension (dyncs/cm) in Contact with Water. 

{Gurwitsch) 



Puic 

0.01% 

Resin 

Diff. 

0.5% 

Rc&in 

Diff. 

2.0% 

Resin 

Diff. 

Gasoline 

48.1 

35.5 

12.6 

26.4 

9.1 

23.0 

4.3 

Kerosene 

42.4 

38.6 

3.8 

39.2 

1.4 



Spindle oil 

28.9 

26.9 

2.0 

26.0 

0.9 

. . . 

. . 


In view of these figures, it is to be expected that the solid, resinous sub- 
stances will be much more concentrated in the boundary layer between 
the gasoline solution and water than between kerosene or spindle oil and 
water; therefore the films in the first case will possess the greatest sta- 
bility and the least in the last case. The reason for the various strengths 
of films is assumed to be the differences in surface tension ratios and not 
any variation in other physical characteristics, such as the viscosities of 
the respective liquids. 

More or less resistant films may be formed by the concentration of 
naphthenic soaps at the boundary surface between oil and water. These 
films may also possess varying degrees of stability and form various 
kinds of emulsions — slimy, honeycomb, creamy, or milky, according to 
circumstance. It has been shown directly by Briggs for an emulsion of 
benzene in an aqueous solution of sodium oleate that a concentration of 
soaps really occurs in such films. Emulsions of this kind may also be 
formed when soaps are absent either in the oil or in the water phase, and 
when free naphthenic acids are present in the oil, and alkaline salts in 
the water. By their interaction, small quantities are sufficient to form 
films upon agitation of the two liquids, thus forming emulsions. Gur- 
witsch proved by the following experiment that such a process is actually 
possible. A Bibi-Eibat petroleum oil, of specific gravity 0.880 and an 
acid content of 0.018 per cent of sulfur trioxide, had a surface tension of 
26.0 when in contact with distilled water; but when in contact with sea 
water which had been evaporated until its specific gravity was 1.082, it 
had a surface tension of only 5.5. Upon vigorously agitating the two 
liquids together, a thick, stable emulsion was formed that appeared to be 
very similar to the Bibi-Eibat naphtha emulsion discussed below. This 
was destroyed by a small amount of naphthenic acid, but not by heat. 
This natural emulsion often contains up to 90 per cent of water. The 
presence of naphthenic soaps in these films may also be shown by direct 
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analysis. After the destruction of the films with ether and the extraction 
of the separated agglomerate with petroleum spirit, Gurwitsch obtained 
0.0078 g of a solid substance from 500 g of emulsion in which naphthenic 
acids could be detected by Charitschkoff^s copper reaction, and traces of 
lime by incineration. 

Lange classified emulsifiers into ion-exchanging, chemically acting, 
and physically acting protective colloids called stabilizers, the latter char- 
acterized by their ability to form hydrates (silicic acid sol), to swell in 
water (gums, glues and starches) and, because they are less viscous 
liquids, to form films. According to Lange, true emulsifiers contain in 
their molecule salt-forming groups such as OH, COOH, SO3H, NHo and 
CO which, like the auxochrome groups of the coal-tar dyes, induce solu- 
bility of the emulsifier. There is a possibility that an emulsifier may, 
at the same time, be a stabilizer, depending upon whether the solubility 
or the wettability of the substance forming the interfacial film dominates. 

Casein as a salt-forming albumin, with which alkali or calcium salts 
form viscous, glutinous solutions, acts as an emulsifier, producing dense 
foams. Gum arabic of the carbohydrate class shows, on the contrary, 
more protective properties; and its ability to emulsify, e,g., almond oil is 
only 1/10-1/20 of that of potassium oleate as well as of saponin solu- 
tion.^®^ As the ability of an emulsifying substance to split off ions 
decreases, its suitability as a stabilizer increases. The difference in the 
action of an emulsifier and a stabilizer is shown by Lange in the following 
experiment: when a vegetable or an animal oil (a mineral oil proved to 
be less suitable) is poured slowly down the wall of a container into a 
one-per cent potassium soap solution, and a visible separation of oil glor 
bules into the surrounding soap medium takes place; replacing this by a 
solution of lecithin or gum arabic, which are typical stabilizers, no move- 
ment is observed, and the oil flows in and spreads out on the aqueous solu- 
tion. A vigorous stirring, however, may cause the oil to emulsify in both 
cases. The emulsion formed with gum arabic is inanimate, but is sustained 
by viscosity, nevertheless, as a very stable pseudo-emulsion (Refer to 
Spiro Festschr. f . Madelung 1916, 64) . 

Sherrick^^^ states that substances which function as emulsifiers, by 
collecting at the interface between the two liquids to form protective 
films for the disperse phase, vary in nature. It has been claimed that 
ions adsorbed on the surface of liquid, particles may serve as emulsifiers, 
and Ellis has prepared emulsions which owe their stability to ion adsorp- 
tion. In working with phenol/water mixtures, Ellis noticed that the 
emulsion formed on separation of the second liquid layer from a saturated 
solution of phenol in water persisted for hours. To Ellis, it seemed not 
unlikely that any slight stability which this phenol-in-water emulsion 
may have had was due to hydrogen-ion adsorption. It is probable, how- 
ever, according to Sherrick, that in the formation of emulsions of rela- 
tively high concentration, i,e., about 50 per cent or more of the disperse 
phase, an emulsifier is necessary which will form a relatively tough and 
elastic film by collecting at the interface. But it is rather difficult to 
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believe that emulsions containing 10 to 60 per cent of the disperse phase 
owe their stability to ion adsorption alone. Even though Ellis prepared 
emulsions stabilized by ion adsorption, they were extremely dilute and 
only of the oil-in-water type. It seems improbable that ions could 
stabilize a water-in-oil emulsion even though they might be effective for 
an emulsion of the opposite type. As mentioned above, it is not only 
emulsifying agents which are soluble in the external phase of an emulsion 
or colloidally dispersed in it that produce and stabilize emulsion sys- 
tems but also, as first pointed out by Pickering, emulsifiers in the form of 
finely divided solids, insoluble in either of the phases. 

Pickering assumed that no explanation of emulsification would be 
readily accepted unless it could be applied equally to cases where the 
emulsifier is either a liquid or a solid. The view that emulsification 
depends solely on the minuteness of the solid particles must be modified, 
so as to apply only to such solids as are wetted more readily by water 
than by oil; otherwise there is no emulsification. According to Pickering, 
liquid emulsifiers are substances which, under the existing conditions, 
partly separate from the solution and yet yield sufficient solid particles 
to form a pellicle around the oil globules. All liquid emulsifiers are dis- 
tinguished, as far as it is known, by a feeble affinity for water. In many 
cases liquids are, or contain, protein substances which, as Ramsden has 
shown, form a skin of solid matter at any boundary between the solution 
and another fluid, whether liquid or gaseous. In other cases, the deposi- 
tion of some particles of the solid would result from its insolubility in the 
oil (paraffin) . The water in the neighborhood of an oil globule, such as 
paraffin, would become impregnated with paraffin and the dissolved sub- 
stance, having little affinity for water, would be thrown out of solution. 
In this way, each oil globule would adsorb the solid particles necessary 
for its emulsification. These particles would, no doubt, redissolve, while 
others in their turn would be deposited. Emulsions prepared with insol- 
uble emulsifying substances are similar to those prepared with soluble 
substances except that they never appear to break down spontaneously. 
Large amounts of a solid substance not completely dispersed cause phe- 
nomena sirnilar to that in an emulsion in which the oil phase adheres to 
the solid phase, but separates again on dilution with water. Solid par- 
ticles used as emulsifiers for an oil-in-water emulsion, for example, must 
not have a tendency to agglomerate, but must have some kind of adsorp- 
tion at the oil/water interface, and be more readily wetted by water than 
by oil. 

Pickering prepared emulsions of a petroleum oil in water with the aid 
of so-called basic copper sulfate and other finely divided precipitated 
solids. From lime, plaster of paris, chalk, silica and alumina, emulsions 
of fair stability were obtained, which he termed ^'quasi-emulsions.'^ Pick- 
ering showed that droplets of oil were prevented from coalescing by being 
coated with a pellicle of the finely divided solid material. In all his 
emulsions, however, oil was the disperse phase; experiments with emul- 
sions in which water was suspended in oil were not completed. 
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According to Pickering’s definition of the formation and the existence 
of an emulsion produced by solid emulsifiers, one should obtain an emul- 
sion of water in oil if the insoluble particles are more readily wetted by 
oil than by water. This suggestion was confirmed by Schlaepfer and 
by Moore, who emulsified water and ammonium chloride solutions in 
kerosene with carbon black (gas black or soot extracted with hot ben- 
zene) . The emulsion obtained with 70 cc of water, 30 cc of kerosene and 
1 g of carbon was found to mix freely with kerosene, but not with water. 
Under the microscope it was observed that the water droplets were cov- 
ered with a dark brown skin of adsorbed particles of carbon, those 
particles not adsorbed forming aggregates in the kerosene phase. It was 
also noticed that the order in which the ingredients were added made no 
difference in the final result. In no case was it found possible to prepare 
an emulsion of oil in water by using carbon. 

Carron oil, a mixture of lime water and linseed or rape oil, is another 
example of a water-in-oil emulsion. Moore states that highly calcined 
lampblack and calcined petroleum coke are not suitable for emulsification, 
probably because of their inability to form a coherent film in the Ban- 
croft ‘‘dineric interface.” The material used by Moore was commercial 
lampblack prepared by incomplete combustion of creosote oils. The 
results obtained with mixtures of lampblack and kerosene with ammonium 
chloride solution or water are in striking contrast to the behavior of lamp- 
black with water, kerosene, or ammonium chloride solution alone. This 
crude lampblack, when shaken with water or ammonium chloride, rises 
to the surface of the liquid, the oil content in all probability preventing 
wetting. When shaken with water, purified lampblack forms a suspen- 
sion. With kerosene, both crude and purified lampblack sink to the 
bottom. With a large quantity of lampblack having a large surface, 
smaller emulsified droplets of water are obtained in kerosene than when 
less lampblack is used. Water wets crude lampblack less readily than 
purified lampblack, the oils of which have been removed by benzene 
extraction. Ammonium chloride solution at normal concentration wets 
crude lampblack more readily than purified. Water wets purified lamp- 
black more readily than ammonium chloride solution, the reverse being 
true of crude lampblack. 

Bechhold, Dede and Reiner^® worked with water-in-benzene and 
water-in-paraffin oil emulsions using clay, zinc dust, yeast, etc., as emul- 
sifiers. These investigators pointed out that emulsification with solid 
powders depends: (1) on the size of the particles (the smaller the grain 
the better the emulsification, until an optimum is reached beyond which 
smaller grains have inferior emulsifying properties) ; (2) on the amount 
of powder used as an emulsifier; and (3) on emulsifying promoters, which 
are soluble in one or both phases. As an example, they mention the 
water/pure benzene system with clay powder as an emulsifier from which 
an emulsion may be obtained after the addition of a few drops of pyridine, 
acetic acid, alcohol, sodium hydroxide, or sodium nitrate. Electrolytes, 
non-electrolytes, acids, bases, and salts are all agents promoting emulsifi- 
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cation. The mechanism of action of solid emulsifiers is believed to depend 
upon the wetting ability of the powder by the liquid components present, 
which is also infiuenced by the promoting agents. Scarlett, Morgan and 
Hildebrand investigated the contact angle of emulsions of zinc, copper 
and glass powder in benzene, iron pyrites in toluene, and carbon and 
mercuric iodide in water by photomicrography. 

Briggs indicated that a finely divided solid may serve as an emulsi- 
fier oTily if it has the power to separate out or concentrate at the inter- 
face between the two liquid phases of an emulsion system. This inter- 
facial film must also be sufficiently elastic and continuous, and the par- 
ticles must be extremely minute. Among solid emulsifiers, carbon black 
is known to emulsify water in oil, while finely divided silica emulsifiers 
are used for oil in water. Briggs also found that if the finely divided 
solid forms a stable suspension in one of the liquids, it may be necessary 
to add a weak flocculating agent before a satisfactory emulsion can be 
produced (a powerful flocculating agent will actually prevent emulsifi- 
cation) . 

Emulsions stabilized by solid particles are encountered in oil-field 
work. Finely divided clays are usually the emulsifying agents. Gur- 
witsch states that if a test-tube is partially filled with oil and water 
and fine sand is added, a portion of the sand adheres to the boundary 
surface of oil and water, although in water, without the addition of oil, 
the sand sinks to the bottom. In this way a more or less consistent and 
very stable emulsion is formed. Similarly, ‘^naphtha^^ emulsions also 
occur naturally as, for example, those described by Wischetrawski 2 ®® at 
Kale near Baku, as well as the Roumanian “Bososunga^^ investigated by 
Stanzs. Under the microscope it is clearly seen that these emulsions con- 
sist of many minute droplets of oil, irregular in shape, suspended in water, 
and covered on their surfaces with minute grains of sand. Since these 
sand films are relatively stable, the emulsions are also highly stable. 
Gurwitsch attributes the formation of these emulsions to the effects of 
surface tension at the liquid/solid interface. 

Finkle, Draper and Hildebrand,"^® discussing the action of solid par- 
ticles in stabilizing emulsions, state: ‘Tt is obvious first that the powder 
must collect at the interface in order to be effective, and second, that the 
type of emulsion produced by a solid powder is determined by the angle 
of contact at the interface with the solid. In order for the powder to 
remain in the interface the angle must be finite and, unless the angle is 
90®, the interface will be either on one side or on the other side of the 
points of contact of the particles, its surface tension causing the film to 
be concave on that side. If there are enough solid particles to fill the 
interface, the tendency of the interface to contract will cause it to bend 
in the direction of the more poorly wetting liquid, which makes it easy 
for the latter to become the disperse phase.” The solid,-®®* in order to 
behave in this way, must be easily dispersed in the outer liquid, its par- 
ticles tending not to agglomerate therein or to stick together when serv- 
ing as a protective coating for the emulsified droplets. One should, there- 
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fore, be able to predict whether or not a given solid powder can stabilize 
an emulsion, and also which liquid will become the disperse phase, by 
noting the angle of contact with the solid at the interface. The theory 
of capillarity created chiefly by Laplace {Traite de Mecanique celeste, 
1807), and also by Gauss, gives the following expression for the contact 
angle (wetting) derived from the conditions under which the equilibrium 
of forces act upon a solid (the three interfacial tensions) (Fig. 8) : 

O’© 8 “ CTW.B 

COS a = 

trw.o 

where crw.o is the interfacial tension at the water/oil interface; o-o.s the 
interfacial tension at the oil/solid interface, and aw.s the interfacial ten- 



sion at the water/solid interface. If the angles of contact between liquids 
and insoluble solids were known, it would be possible to predict which of 
the two liquids would be the internal phase in an emulsion with a given 
insoluble powder. 

In the disposition of a solid in the oil/water interface, three cases 
may be differentiated: (1) the solid is immersed in the water phase; 
(2) the solid is immersed in the oil phase; and (3) the solid is distributed 
in the “dineric interface.” Expressed in terms of interfacial tensions, the 
corresponding three cases are: 

(1) «fs.o > <T8.w + <nv.o 

(2) ffs.w > ag.o + «fW.O 

(3) <^.0 > O^s.o ““ <^s.w. 

One of the liquids exhibits preferential wetting of the solid and the equi- 
librium state is: 0 * 3,0 — o*s.w ~ cos cx. If o'g.w ^ o’s.oj then cos ot is 
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positive and a is < 90"^, and the greater portion of the solid is surrounded 
by Water; if as.o < o-s.w» then cos a is negative and a is > 90°, i.e,, the 
major part of the solid is surrounded by the oil phase. 


OUTER LIQUID 



Fig. 9. Particles of a Finely Divided Solid Acting as an Emulsifying Agent. 

Gibbs presented the mechanism of emulsification by means of 
solid agents in the following manner: “When the liquid molecules and 
those of the solid surface attract one another, wetting occurs and the 
liquid spreads to an extent which is determined by the spreading coeffi- 
cient and which is indicated by the contact angle which the surface of the 
liquid finally makes with the solid surface. When two liquids rest upon 
a solid surface in relation to which they have different spreading coeffi- 
cients or wetting power, one liquid is pulled towards the solid surface 
with more force than the other. They will spread until their advancing 



Fig. 10. Possible Arrangements of a Solid Emulsifying Agent at an 
Oil/Water Interface. 


edges meet to form a liquid/liquid interface which will be inclined to the 
solid surface at an angle, the size of which will be determined by the 
balance between the three interfacial tensions liquid A/liquid B, liquid A/ 
solid, liquid B/solid. The liquid/liquid interface will be inclined in the 
direction of the liquid which possesses the smaller spreading power.” 
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The study of coherent films formed around the droplets in emulsions 
stabilized by solid particles has attracted the attention of investigators 
in the field of emulsions to the study of the exact nature of the films to be 
found in emulsions stabilized by soluble emulsifiers. In a number of 
papers the question as to whether these films are not also of the nature 
of solids has been raised. Pointing to the difficulties encountered in 
explaining emulsion formation, Pickering remarks: “We may ask 
ourselves whether the emulsification of oil in soap solution or in other 
similar liquids may not be explained more satisfactorily by applying the 
same principles which have been found in the case of emulsification by 
solid particles.^' We have already quoted the statement of Gurwitsch 
that the behavior of emulsion films strongly suggests that they do not 
consist of the original benzene solution, but are concentrations of the 
solid resinous substances. In the emulsions studied by Ramsden,2i^'2i2,2i4 
an actual solid membrane separated out at the liquid/liquid interface. 

The experimenters on emulsions seem to be of the opinion that if an 
emulsion becomes permanently stable, the interfacial film must assume 
the nature of a plastic solid rather than of a viscous liquid. The dis- 
tinction, as pointed out by Bingham,-® is that a viscous liquid will be 
deformed by a force of any magnitude, while a plastic solid will flow if 
subjected to large shearing forces, but is able to resist small forces indefi- 
nitely without any change taking place. The adsorbed layer at the 
interface of an emulsion must always withstand forces, notably inter- 
facial tension, which tend to cause coalescence. Low though this tension 
may be and high as the viscosity opposing it may be, the interfacial layer 
would give way in the end if it had the properties of a liquid, whereas 
it could exist indefinitely if it were a plastic solid. 

Wilson and Ries^®^ made a careful investigation of the nature of 
adsorbed films at the free surfaces of liquids and at interfaces; they 
found definite evidence of the formation of plastic solid films at the free 
surfaces, particularly in bubbles. The failure of some solutions with low 
surface tension to give stable bubbles was attributed to the fact that they 
formed only fluid films. There was evidence of the formation of similar 
plastic solid films in the case of some liquid/liquid interfacial films where 
a substance which is a good emulsifying agent, such as saponin, was 
present in one phase. This would make it probable that such solid films 
are formed during emulsification. It follows from the above that investi- 
gators, who paid special attention to the adsorption factor of the emulsi- 
fier at the interface of the two immiscible liquids forming the emulsion 
system, chiefly discussed the question of the character of the interfacial 
layer. They considered the third substance, added in order to produce 
emulsification, as a pellicle around the oil globules, as a coherent or plastic 
film, as a membrane or a film sometimes even visible in the microscope, 
or as some kind of a skin easily formed, as by peptone and saponin when 
used as emulsifiers. Later, Pickering^s idea led to the possibility of using 
not only soluble or colloidally dispersed substances as emulsifiers, but 
solids as well. 
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Roberts, in his new theory of emulsions, considers that adsorption 
at the interface originates, not in an adhesive action of the latter, but in 
the mass of particles which are forced to the surface and are least 
attracted by the liquid, that is, those for which the relation of charge to 
mass is the smallest. This relationship is much smaller for polar mole- 
cules than for ions; therefore the former are preferentially adsorbed. In 
the formation of a new boundary the ions, because of their great mobil- 
ity, occupy it first. However, in the equilibrium state, there is a definite 
relationship between ions and molecules in the adsorption layer deter- 
mined by the relative concentrations, polarities, mobilities, etc. of the 
ions and molecules. The primary adsorption layer on the oil side is con- 
sidered to be monomolcciilar, and remains undisturbed in streaming 
potential and cataphorcsis measurements, while the adjacent diffuse 
atmosphere of ions and molecules is mobile. 

Identification of the films produced by soluble substances and solid 
materials has been attempted. The mechanism of emulsification was 
formulated according to the wettability of emulsifying substances and 
their respective affinities for the continuous phase. In most cases, an 
invisible adsorption layer in the interface must be considered, so that 
there is no possibility of investigating the film directly; but there are 
indirect methods of judging the interface layer or film. By the use of 
these indirect methods, it is possible to determine how large the area of 
the film is, how fast the film is formed by emulsification, to what kind 
of changes it is subjected, and whether it reaches a certain equilibrium 
with time. Therefore, the dynamic as well as the static behavior of the 
film should be thoroughly investigated. When the film is spoken of as 
protecting the globules of an emulsion from coalescence or giving perma- 
nence to an emulsion, the question arises as to the actual thickness of this 
film at the interface. Is the stabilization membrane monomolecular or 
polymolecular in thickness? Bancroft^® and Griffin,®® were the first to 
offer a probable answer to this question, van der Meulen and Riemann,^’^^ 
McBain,^®^ Finkle, Draper and Hildebrand, Langmuir,^^® Harkins and 
Beeman,^®^ Harkins and Berkman,^® and Fischer and Harkins made 
further contributions in this field. 

Langmuir and Harkins stated that in emulsions in which 
soap is the emulsifying agent the oil droplets are surrounded by a film of 
soap one molecule thick. Griffin,®® working with emulsions of kerosene 
oil in water, and using palmitic, stearic, and oleic soaps as emulsifiers, 
determined the average area of interface covered by each molecule of 
soap. If an emulsion consists of droplets of oil, each surrounded by a 
film of soap one molecule thick and the whole surrounded by a soap solu- 
tion containing the unadsorbed soap, it might be possible to determine the 
soap extracted from the water solution in the formation of the emulsion. 

Briggs made titrations which showed that soap was removed, but 
did not obtain absolute measurements, his results being only comparative. 
Griffin ®® assumed that the average area of interface covered by each 
molecule of soap can be calculated from a comparison of the amount of 
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soap removed by each cubic centimeter of kerosene with the area of inter- 
face formed by the same amount. For example, when kerosene is emulsi- 
fied by shaking in fairly dilute sodium oleate solution and is then allowed 
to stand, oil droplets cream out at the top, leaving a clear or nearly clear 
aqueous soap solution at the bottom. If this soap solution is analyzed 
before and after emulsification of the kerosene, the difference in the 
quantity of soap will be that taken up by the kerosene. Griffin calculated 
the area of interface as follows: An oil-in-water emulsion with soap as 
the emulsifier contains droplets of various sizes which are assigned to 
various classes whose radii, expressed in centimeters, are ri, r2, rs, and r4, 
respectively. The number of drops, Xi of radius ri (measured) , is calcu- 
lated by using a special micro-projection apparatus. Those with radius r2 
are denoted by Xn] those with radius by X3, and so on. Then the area 
of interface associated with each cubic centimeter of kerosene is the sum 
of the areas of these droplets divided by the sum of their volume, or: 

3(X^r^^ + X2r2^ + X^n^ + ) 

(Xarx* + + ) 

The area of interface associated with one cubic centimeter of kerosene 
divided by the number of molecules of soap removed gives the area of 
interface formed for each molecule of soap removed. Griffin found the 
interfacial area formed per cubic centimeter of kerosene to be equal to 
7.45 X 10'^ sq cm and the area for each molecule of sodium oleate removed 
from solution, 44 X 10“^® sq cm. The result obtained bears out the 
assumption that the areas measured should be the same or somewhat 
greater than those measured by Langmuir for the corresponding fatty 
acids in surface films. The average value for the soaps as determined by 
this method are 48, 27, and 30 X 10"^® for sodium oleate, potassium 
stearate, and potassium palmitate, respectively, and those for the corre- 
sponding fatty acids as determined by Langmuir, 46, 22, and 21 x 10*^®. 
Griffin assumed that the values obtained indicate that the film formed at 
the interface must be one molecule thick, and that the explanation is the 
formation of a film of heavily hydrated soap of constant thickness at the 
interface. As these films were obtained from solutions of widely varying 
concentrations, and as the hydration of soap in a precipitate depends on 
the concentration of the solution from which it is precipitated, Griffin 
concluded that this assumption is untenable. He mentions the fact that 
an emulsion, like kerosene emulsified with a solution of soap, is stable 
when a monomolecular film is formed, but, when there is insufficient soap 
to form a monomolecular film, the emulsion is not stable. If excess soap 
is present, it remains dissolved in water. Griffin, who actually was the 
first to measure the thickness of the protective film in an emulsion, did 
not overlook the fact that, when kerosene is emulsified with a neutral 
soap solution, the soap is partially hydrolyzed and some of the fatty acid 
dissolved in the kerosene. He thought that the hydrolysis might be pre- 
vented, or at least reduced to a negligible amount, by the addition of free 
alkali. He used 0.01 molal sodium hydroxide to make the concentration 
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of the undissociated fatty acid in the soap solution so small that the 
quantity taken into solution by kerosene was negligible. 

van der Meulen and Riemann^^^ independently started their work 
about the same time as GriflSn. They used quite a different method from 
that used by GriflSn for determining the area of interface in an emulsion 
system. The average area of interface covered by a molecule of sodium 
ricinoleate in an emulsion of a solution of phenol in toluene dispersed in 
water was determined. The content of soap in the interfacial film was 
determined by analysis as follows: If A is the acid necessary to neutralize 
the lower fraction, B the whole dilute emulsion, and C the fraction of 
external phase in the whole dilute emulsion as computed from the com- 
position of the emulsion, then the percentage of soap in the film equals 
B-AC 

— — X 100. The diameter of the globules was determined by using 

two independent methods. One was to count the globules in a given vol- 
ume, composition of the emulsion being known. The average volume of 
the globules and hence the average diameter could be calculated. The 
second method consisted of fixing the globules on a slide under a micro- 
scope and measuring them with a filar micrometer eye-piece; the average 
area values are recorded in Table 11. 

Table 11 

Average area per molecule 
of soap in A* 

Z02 

44.2 

665 

105.6 

43.6 

488 

From the tabulated results, it is evident that the average area covered 
per molecule varies with the concentration of the soap in the external 
phase of the concentrated emulsion. They concluded, therefore, that 
the area per molecule is a function of the concentration of soap in the 
external phase in the case of concentrated emulsions, and that the area 
covered in the various cases does not disprove the assumption that there 
is a monomolecular soap film at the interface. It must be noted, however, 
that these investigators did not consider the hydrolysis of the soap suf- 
ficiently important for the addition of 10 per cent excess alkali which, 
according to Griffin, prevented hydrolysis. As they state, the addition of 
alkali did not cause an appreciable difference in the average area per 
molecule. 

Harkins and Beeman,^®^ in their work '‘On the Oriented Wedge Theory 
of Emulsions,^' attempted to determine the area of the interfacial film 
and also its thickness, but they did not reach a conclusion on this question. 
In order to draw conclusions on the actual thickness of the interfacial 
film, it seemed necessary to carry out a systematic study of the problem. 
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as well as an investigation of the influence of various factors on the film 
formed at the interface. S. Berkman and Harkins, taking into consider- 
ation Griffin’s viewpoint, found that calculations of the thickness of the 
interfacial film can be made by obtaining the number distribution of 
sizes of the emulsions; a special micro-projection system to insure accu- 
racy of the method was used. For accuracy of analysis, aa exact separation 
of the clear aqueous layer from the oil layer to be analyzed is necessary. 
Accurate separation of layers without losing the least amount of the com- 
ponents and without disturbing the natural equilibrium of the system on 
standing is performed as follows. After standing in a graduate fitted 
with a glass stopper for the desired time the emulsion exhibits distinct, 
separate layers. By using tubes drawn at one end to capillaries of 
various diameters, the upper layer is suctioned off by a pump. The speed 
of suction is controlled by inserted pinch and stop cocks; in addition to 
this, a slow rotating movement is given to the suction capillary near the 
walls of the graduate so that the layer is suctioned off slowly and 
uniformly. Previous investigators used the centrifugal method of 
separation, overlooking the fact that when an emulsion stands for a time 
an equilibrium state is reached. When an emulsion is centrifuged after 
it has stood two or three days, its natural equilibrium is disturbed; this 
necessitates an investigation to determine the permanence of the system. 
With this fact in mind, S. Berkman and Harkins worked under conditions 
of static equilibrium and not with emulsions having a dynamic equili- 
brium. 

The emulsion systems on which the investigation was carried out were 
octane/water and Stanolax/water emulsions, with sodium oleate as the 
emulsifier. The amount of soap adsorbed, forming a film between the 
oil and water, was determined for these systems with various concentra- 
tions of the emulsifier, and the changes occurring in the film were 
observed, e.g., its change in thickness with time, when the emulsion had 
not yet attained its final equilibrium. Two types of stability of an emul- 
sion were distinguished, namely, initial stability (thickness of a film 
measured during the first few days after preparation) , and static stability 
of an old emulsion (months and years). The results obtained indicate 
that the area of interface for the octane emulsions with various concentra- 
tions of soap as emulsifier changes with time, usually showing a minimum 
7 to 12 days after preparation and then gradually reaching a definite 
magnitude. The absolute area of interface does not change much with 
time and does not seem to depend particularly upon the concentration of 
the emulsifier. When static stability is reached, the area of interface for 
various concentrations of soap is about the same. The area of interface 
for Stanolax emulsions is greater than for octane emulsions. The area of 
interface in the case of Stanolax emulsions also shows a lower minimum 
in the first period of ageing of the emulsion and a subsequent increase 
when the emulsion reaches static stability. 

Stanolax emulsions do not form interfacial films as easily or as quickly 
at high concentrations of the emulsifier as octane emulsions, because of 
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the viscosity of the heavy paraffin oil and the changed conditions in 
diffusion. The amount of soap adsorbed at the interface, as found by 
analysis, is of an order of magnitude which would be expected for emul- 
sions with various concentrations of the emulsifier. This indicates, in all 
probability, that an emulsion of static stability has a soap film of a defi- 
nite thickness in the interface. The thickness of the adsorbed layer, corre- 
sponding to the film, can be calculated from the area of interface by using 
the distribution curves of sizes and from the amount of acid or soap 
removed, as determined by analysis. The area of the oleic acid molecule 
calculated theoretically by Langmuir is 20 A-. A comparison of the 
experimentally determined area with the theoretical area per molecule 
gives the thickness of the film expressed in number of molecules. The 
results obtained by S. Berkman and Harkins indicate that static stability 
corresponds to the presence of a protective film one molecule thick. But 
the thickness of the film calculated for an emulsion having a high con- 
centration of emulsifier, as well as for emulsions measured three to four 
years after their preparation, was found to decline from this value. 
This does not mean that the stable state of an emulsion should correspond 
to a protective film one molecule more or less in thickness. Rather, it 
seems to indicate that hydrolysis of the emulsifying soap takes plac6, 
and it is considered possible that a part of the oleic acid removed goes 
into the oil and is absorbed by it, and is not adsorbed at the interface. 
Therefore, what is found as the amount adsorbed at the interface is 
actually less than what would be obtained if hydrolysis had not occurred. 
The fact that a smaller amount of adsorbed acid or soap was determined 
accounts for the smaller result for the thickness of the film. S. Berkman 
and Harkins attempted to prove this idea experimentally. 

A small excess of O.OlAf sodium hydroxide was added to an emulsion 
of octane and water, using O.IM sodium oleate as emulsifier; and the 
results obtained were in agreement with the above explanation. In this 
case the film was actually about one molecule thick, and the ageing of 
the emulsion did not greatly affect the absolute value of the area of the 
molecule. These results led to the conclusion that due consideration 
should be given to hydrolysis occurring in emulsions, and that future 
investigations should be carried out with the idea of determining the 
thickness of the interfacial film, bearing in mind the conditions influenc- 
ing hydrolysis and its prevention. 

Fischer and Harkins,^*^ studying emulsions of a paraflBn oil, observed 
that the maximum number of particles has a diameter of about one 
micron, whereas with benzene the maximum occurs with a smaller diam- 
eter. In plotting the area per cc against particle size, they found that 
the greatest contribution to the area is given by particles between 6 and 
7 microns in the Finol emulsions and 1 and 2 microns in the benzene 
emulsions. The area per molecule of soap in the interfacial film lies in 
general between 24 and 38 A^. The area per molecule in a condensed 
monomolecular filnl of oleic acid at zero compression is about 20.5 A^. 
Therefore these areas correspond to an expanded monomolecular film of 
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oleic acid with an emulsion containing 0.02 mol of sodium oleate and 0.004 
mol of sodium hydroxide (to prevent hydrolysis), the initial molecular 
area of the interfacial film corresponded to 44.5 which, on ageing, 
returned gradually to the value of 20 A^. 

Serrallach, Jones and Owen 240 attempted to measure the strength 
of coherent films in the liquid/liquid interface between emulsifier solu- 
tions and various oils. Four groups of emulsifier/oil pairs could be dif- 
ferentiated with regard to constancy, decrease, and/or smaller or larger 
increase in the strength of the film. Saponin, tragacanth, triethanolamine, 
Irish moss, gelatin, sodium oleate and sodium glycocholate solutions were 
tested as emulsifiers. Oils used were olive, castor, mineral and cod liver. 
A modified de Nouy interfacial tensiometer, an instrument designed for 
the measurement of surface tension at the interface of two liquids, was 
used for measuring quantitatively the strength of the coherent interfacial 
film. When the film broke, the force per centimeter was read directly 
from the vernier on the torsion head. The experiments indicate that the 
eflBciency of an emulsifier does not depend primarily on the strength of 
the films formed. The preliminary lowering of the interfacial tension and 
the rapidity of film formation are considered to be the main factors. Any 
later increase in the strength of the film will be favorable. A considerable 
lowering of the interfacial tension insures a small particle size, and quick 
film formation gives an early protection to the globules against 
coalescence. 

Orientation of Molecules in the Adsorbed Interfacial Layer as an Expla- 
nation of Emulsion Stability and Other Emulsion Properties 

According to the theory of molecular orientation, the molecules of 
two liquids at an interface arrange themselves so that their stronger polar 
portions, i.e., the atomic group in each molecule which exerts the greatest 
electromagnetic force directed toward the interface, leave the less active 
portions of the molecules to form the actual surface. This is true only 
on the oil side of oil/watcr interfaces.^^^ In other words, the molecules 
arrange themselves at the surface so that the surface energy is at a mini- 
mum. The interfacial molecules assume such a position in order that the 
transition from one liquid phase to the other may occur with the least 
possible abruptness. If octyl alcohol is placed on water, the end of the 
molecule bearing the hydroxyl group turns toward the water, since the 
hydroxyl group is similar to water and is more soluble in it than the 
hydrocarbon group. This position makes the transition between phases 
less abrupt. Such an orientation is in accord with the general principle 
that, at a surface, the arrangement which gives the lowest free energy 
will be the most stable. Evidence showing that the extent of average 
orientation in a surface is sufficient to produce a noticeable effect in the 
characteristics of the surface region has been supplied by Harkins and 
Langmuir. Hardy,®®* in 1912, was the first to suggest this idea. 
In connection with investigations on the water/benzene system, the ques- 
tion arises as to the distribution of a polar/nonpolar molecule of butyric 



THEORY OF EMULSIONS AND FOAMS 


91 


acid (Fig. 11). The solubility of this substance in polar water is due to 
the polar carboxyl group — — O — and its solubility in nonpolar ben- 

U 

zene is due to the nonpolar alkyl group, CH3CH2CH2. The solubility of 
butyric acid in the polar phase is decreased by its hydrocarbon chain 
and in the nonpolar phase by the carboxyl group. The thickness of a 
surface film formed in water gives excellent evidence in favor of orienta- 
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WATER PHASE 





Fig. 11. Butyric Acid Distributed between Water, Benzene, and the Interface 

between the Two. 

tion. For the proof of the direction of orientation, i.e., whether the polar 
or the nonpolar end of a molecule, such as oleic acid, is uppermost, 
Harkins suggested comparing the works of adhesion and cohesion, and of 
energies of surface formation and vaporization. Orientation requires 
unsymmetrical molecules. In the case of molecules wholly symmetrical, 
there is no orientation. If a molecule inci’eases its symmetry without a 
change in composition, theory indicates that its work of cohesion, TF©, 
increases and its work of adhesion, decreases. An increase in sym- 
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metry not only reduces the extent of orientation, but decreases the effect 
of orientation upon the surface energy. 

In an emulsion a solute-emulsifying agent is usually present in one 
of two liquid phases. If a solute in any two-phase liquid system is a 
substance with a polar or active group, its electromagnetic field of force 
will cause the molecules at the interface to take up an oriented position 
in which each end of the molecule will be directed toward the phase which 
it closely resembles. According to the theory of Harkins and Langmuir, 
the emulsifying agent may be considered as acting like a bridge, or a link, 
drawing together the opposing surface molecules at the interface by 
attracting them one to another. It is well known that soaps are able to 


OIL 



Fia. 12. Molecules of the polar-nonpolar type with polar ends weighted toward 
water, (a) Water outside, (b) Water inside, oil outside. This occurs when 
there are two hydrocarbon chains and COO” groups attached to a single atom 
of a bivalent metal. If, however, there is only one hydrocarbon chain this may 
be taken to represent a drop of water surrounded by an octyl alcohol film float- 
ing in air, as described in the text. Both diagrams are highly conventionalized 
as the molecules in the film are undoubtedly moving with great rapidity. 


emulsify mixtures of water and mineral oil. The molecules of soap, 
according to the orientation theory, tend to orient themselves at the inter- 
face so that the paraffin chain is in the oil, while the active COO-metal 
end is in the water. The length of the molecule opposes thermal agitation, 
tending to destroy regular arrangement in the case of smaller molecules. 
Harkins^ drawings represent such a placement of soap molecules at the 
interface of oil-in-water and water-in-oil emulsions (Fig. 12). 

The cohesive force of each liquid phase is diminished at the interface 
by the force of adhesion which is exerted upon the surface molecules of 
each liquid by appropriate portions of the molecules of the emulsifying 
agent. The result is a general reduction in interfacial tension. At the 
same time, the soap becomes adsorbed at the interface to form a pro- 



THEORY OF EMULSIONS AND FOAMS 


93 


tective film or membrane. Harkins has related orientation to a decrease 
in int or facial tension which is produced by most emulsifying agents. He 
states that if, at an interface, the transition from liquid A to liquid B 
is made by a saturated film of solute molecules which have one end like A 
and the other like B, the free surface energy, and therefore the interfacial 
tension, will be far less than when the two liquids are directly in contact. 

Harkins, Davies and Clark also pointed out that the stability of 
emulsion particles seems to be brought about by the orientation of mole- 
cules at the interface. For the emulsion particle to be stable, the mole- 
cules which make the transition from the interior of the drop to the 
dispersion medium, i.e., the molecules of the film, should fit the curvature 
of the droplet. From this standpoint, the surface tension or interfacial 
tension of very small drops is a function of the curvature of the surface. 
These investigators mention the fact that the orientation of molecules 
at the interface between the dispersed particles and the dispersion medium 
is such that the molecules fit the curvature of the droplet and, at a definite 
droplet size, produce a stable system; the molecules in the curved surface 
need not necessarily be all of the same kind. If the molecules do not fit 
into the curved surface, the droplet will not be wholly stable and will 
either decrease or increase in size. 

The validity of Harkins' theory relating to curvature at the interface 
and the shape and size of adsorbed molecules has been disputed. Roberts* 
believes that there is no relation whatever between the shape and size 
of a molecule and the curvature or the ^^equilibrium" size of emulsion 
droplets. He states that by comparing it with the sizes of molecules, 
even the smallest droplet visible in the microscope is enormous. For 
example, a droplet 10“® cm in diameter has a surface area of about 
3 X 10“^® sq cm, or 3 X 10® A^. It could, therefore, accommodate 6 X 10^ 
molecules, each having a projected area of 60 A^. In other words, the 
equatorial circumference of such a droplet woul d be 3 X 10® A. If the 
adsorbed molecules have a width of about 8 A about 400 could 

be placed around the equator, from which it appears that the angular 
displacement of the axes of adjacent molecules, normal to the interface, 
would be only about 0.9°, or about 54 minutes of arc. Furthermore, it 
has beep repeatedly shown that the size of emulsion particles is a function 
of kind, duration, and intensity of agitation, and is independent of the 
shape or dimensions of the emulsifying agent. 

Harkins assumed that the type of emulsion (oil-in-water or water-in- 
oil) formed depends upon the orientation and packing of the molecules 
of the emulsifier at the interface. In an emulsion of a hydrocarbon oil 
and water, the molecules of the emulsifying soap would be so oriented 
that the polar group, COONa, is in water and the hydrocarbon chain in 
oil. The adsorbed molecules will then be closely packed together at the 
interface, particularly if the concentration of soap in water is fairly 
high. He further states that if the cross-sectional area of the terminal 

♦ Private communication. 
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atom of the polar group, in this case the metal atom, is greater than that 
of the hydrocarbon chain, then the water surface of the adsorbed film will 
necessarily be greater than the oil surface, i.e., the water will surround the 
oil and an oil-in-water emulsion is obtained. Conversely, if the cross- 
sectional area of the metal atom is less than that of the hydrocarbon chain, 
a water-in-oil emulsion is formed. Further, the type of emulsion formed 
between oil and water will depend upon the size of the metal atom and 
upon its valence, since an atom with a valence greater than one will 
have more hydrocarbon chains attached to it. 

As shown by experiment, sodium and potassium soaps form oil-in- 
water emulsions, and soaps of magnesium, calcium and other polyvalent 
metals form water-in-oil emulsions. Harkins attributes the different 
emulsifying powers of these soaps to the shapes of their molecules, the 
shape depending on the valence of the metal. In all cases the hydrocarbon 
radical of a soap acting as an emulsifier is thought to be oriented toward 


WATER 



the oil, the salt group toward the water. The shape of the molecules, 
however, is radically different if each metal atom holds one fatty acid 
group instead of two or more. Quoting Harkins®®: “The molecules act 
as oriented, truncated cones, but in two dimensions as wedges, so this may 
be called the ‘oriented wedge’ or ‘truncated cone’ theory of emulsion. 
The conical shape of the molecule is conditioned by the relative areas of 
the cross-sections of the head, or polar part, of the molecule, and of the 
hydrocarbon chains at the other end.” On the basis of this theory, when 
one oleate group is present in the molecule, the end holding the metal atom 
will tend to be the larger. At the interface the oriented film will, therefore, 
be concave toward the oil side and an oil-in-water emulsion will result. 
When the soap molecule contains two or three oleate radicals, as in the 
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case of soaps of the alkaline earths and heavier metals, the nonpolar 
(hydrocarbon residue) end of the molecule will tend to be the larger. 
The film with the oriented molecules will be concave on the water side, 
giving rise to a water-in-oil emulsion. Such an orientation in emulsions 
of both types is presented in Figs. 13 and 14. 

In Fig. 13, the NaOOC end dips into the water, while the hydrocarbon 
end is submerged in the oil. The film is convex on the water side. 

Zinc soap in Fig. 14 makes the interface convex toward the oil side; 
aluminum soap gives a still greater curvature and more stable emulsions 
of water in oil. 

The particle size of the emulsion has been related to the dimensions 
of the adsorbed emulsifier molecules. As an illustration, the case of an 
oil-in-water emulsion with the polar group of the emulsifying soap 
larger than the other end of the molecule and directed outward has been 
considered. The size of this polar group as compared with the remainder 
of the molecule will then determine the shape of the ^^truncated cone.” 
The larger the polar group, the greater will be the concavity of the 
oriented layer on the oil side and the smaller tlie droplet. 


OIL 



Fig. 14. A Drop of Water Hold Emulsified in Oil by a Heavy-met-jil Soap 
According to the ‘‘Oriented Wedge” Theory. 

Langmuir states: ‘The size of the colloidal particles is determined 
by the difference in size between the two ends of the molecules, just as 
the size of an arch is dependent upon the relative size of the two ends of 
the stones of which the arch is constructed.” To show that orientation 
determines the size of emulsion particles, Harkins and Keith prepared 
a series of emulsions in which the emulsifying agents were lithium, sodium, 
potassium and rubidium oleates. The metal atoms in these soaps increase 
in size in the order in which the metals are listed. According to the 
orientation theory, this indicates that the sodium oleate film should be 
more concave toward the oil than the lithium film, and the particles in the 
emulsion stabilized by sodium oleate, therefore, should be of smaller 
average diameter than the particles in the lithium oleate emulsion. 
Similarly, the potassium atom being larger than sodium, potassium oleate 
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should give rise to smaller particles than sodium oleate, and rubidium 
oleate to smaller particles than potassium oleate. This reasoning has 
apparently been confirmed by their experiments, as these investigators 
found a regular decrease in the average size of the emulsion particles, 
going from those made with lithium oleate to those stabilized with 
rubidium oleate. 

Finkle, Draper and Hildebrand undertook a systematic study of 
the applicability of the orientation theory, first proving why the external 
phase is a more appropriate solvent for the emulsifier. The soaps of the 
alkali metals are more soluble in water, the others more soluble in the 
nonpolar liquid. The soaps of iron and aluminum have more symmetri- 
cal and fewer polar molecules and would, therefore, be expected to dis- 
solve readily in solvents of low polarity, whereas the alkali-metal soaps, 
consisting of a single chain with a high polar end, do not dissolve readily 
in nonpolar liquids, but can form clusters with the hydrocarbon chains 
dissolving “colloidally’* in water. These investigators considered the 
question whether different degrees in the curvature of films of different 
soaps should yield droplets of different sizes, and also the distribution of 
a large number of drops among different sized intervals. From the 
data obtained, cesium soap gives the smallest and sodium soap the largest 
drops; therefore, the curvature of the films actually differs in the direc- 
tion predicted by the orientation theory of Harkins, according to which 
the order is in accordance with the valence and the atomic diameters of 
the metals; particles with only a few polar groups would remain largely 
in the oil phase, and vice versa. This explains Bancroft’s rule that an 
emulsifier causes the phase in which it is dispersed to become the external 
phase of the emulsion. Later investigation tends to confirm the theory 
that orientation does take place at emulsion interfaces, but emphatically 
contradicts the idea that droplet size and emulsion stability are controlled 
by the size and shape of the molecules of the emulsifier, i.e., the oriented 
wedge theory fails. 

Harkins and Beeman applied the orientation theory to a series of 
oil-in-water emulsions made with sodium, potassium and cesium oleates, 
as well as to water-in-oil emulsions stabilized by the oleates of aluminum 
and magnesium. The size distribution curves obtained for the dispersed 
particles were the same in all cases. Moreover, they were able to prepare 
a water-in-oil emulsion with a water-soluble soap and reverse it by mere 
dilution. These results do not indicate a dominating influence exerted by 
the shape of truncated cone molecules. 

Harkins’ idea that phase relations (direction of curvature of interface) 
and size of particles (magnitude of curvature of interface) in emulsion 
systems are determined by the orientation of wedge-shaped molecules 
of the emulsifier in the interface between the disperse phase and the 
dispersion medium was confirmed by some investigators, while others 
found it inconsistent. Two claims have been made in favor of the theory 
as stated by Stamm and Kraemer in their criticism of the orientation 
theory: (1) that it explains the decrease in the prevailing size of particles 
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with a change in emulsifying agent from sodium to potassium or cesium 
soaps, and (2) that it explains the change in phase relation upon changing 
the emulsifying agent from an alkali soap to an alkaline earth or an iron 
or aluminum soap. Neither the original evidence for the theory nor the 
consequences predicted by the oriented wedge theory have been completely 
confirmed. 

According to Stamm and Kraemer, from the investigations of Finkle, 
Draper and Hildebrand and of Harkins and Keith, it follows 
that the number distribution curves do not provide an appropriate basis 
for correlating the size of particles in an emulsion with the supposed 
wedge arrangement of the molecules of the emulsifier. Rather, they are 
of the opinion that the wedge theory requires a comparison of surface 
distribution curves of emulsions with different stabilizing agents. A 
decrease in the radius of curvature would be expected to occur at the 
interface with an increase in the wedge arrangement of the emulsifying 
molecules, and this corresponds to the maximum of the surface distribu- 
tion curve defining the most probable radius of curvature at the interface 
of the emulsion. The maximum of the surface distribution curve corre- 
sponds to a greater particle radius than the maximum of the number dis- 
tribution curve. Harkins states that the most probable radius of 
curvature in an emulsion stabilized by sodium oleate is more than 750 
times the apparent length of the oleate molecules. It seems unlikely 
therefore that, because of the presumed wedge shape, the oleate molecules 
determine the radius of curvature of such relatively large drops to any 
apparent degree. The volume and surface distribution curves, determined 
by sedimentation and microscopic methods by Stamm and Kraemer, 
failed to reveal any significant variation in the positions of the maxima 
• for emulsions with palmitates of sodium, potassium, or cesium as sta- 
bilizers. The same conclusion was reached by Finkle, Draper and Hilde- 
brand, and also by Harkins and Keith. The total interfacial area in the 
emulsion has been found to be constant for sodium, potassium and cesium 
palmitates within the limits of experimental error. Stamm states it is 
also hazardous to suggest that aluminum or iron soaps function as emul- 
sifying agents in the form of single molecules oriented at the interface. 

Briggs and Schmidt claim that flocculent masses of what is perhaps 
aluminum hydroxide exist in emulsions stabilized by the use of an alumi- 
num soap. Stamm and Kraemer further report an inconsistency between 
the facts and the wedge theory, where the relative influence of potassium 
palmitate and potassium chaulmoograte upon the stability of emul- 
sions is concerned, judging from the results of Harkins and Beeman.^®^ 
Likewise, according to Seifriz,^®® the wedge theory is apparently not 
sufficient reason to anticipate reversals of phase relations in a series of 
aqueous emulsions of various petroleum distillate fractions stabilized by 
casein. The oriented molecule hypothesis assumes that the large or polar 
end of the molecular wedge, in the case of an oil-in-water emulsion sta- 
bilized with casein, would be the casein end of the associated molecule of 
casein and the hydrocarbon; and the membrane would, therefore, bend 
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with the oil ends of the interfacial molecules toward the inside. In the 
water-in-oil type of emulsion, the polar ends of the associated interfacial 
molecules become the outer surface of the stabilization membrane. 
Seifriz also obtained a regular shifting of the phase relationship by emul- 
sifying a series of oils of increasing specific gravity with the same emul- 
sifying agent. Seifriz, discussing his results in the light of the oriented 
wedge theory, does not find the two incompatible. The most serious 
hindrance is the assumption that there is an increase in the diameter of 
the hydrocarbon molecule with an increase in the specific gravity of the 
oil. The hydrocarbon chain is regarded ordinarily as increasing in length 
only when more carbon atoms arc added, increasing the weight. However, 
it is believed that the hydrocarbon molecule increases in diameter as well 
as in length with increase in specific gravity. Stamm and Kraemer state 
that Sanyal and Joshi, as well as other investigators, believed the reversal 
of phase relations to be brought about by a change in the volume composi- 
tion of an emulsion, even in the presence of sodium oleate. This fact has 
not heretofore been reconciled with the oriented wedge theory. 

It appears that considerable experimental evidence is contrary to the 
oriented wedge theory. Perhaps the shapes and sizes of the molecules of 
the emulsifier have been overemphasized, judging from observations on 
the influence of volume composition and methods of emulsification and 
homogenization upon phase relation and degree of dispersion. Stamm 
states that it is difficult to see how the shapes and sizes of molecules in 
the interface could directly and mechanically or geometrically determine 
the size of the drops formed. Seifriz points out that considerable 
difficulty is found in accepting the oriented molecular wedge hypothesis 
as an explanation for the type or stability of an emulsion. The hypothe- 
sis presupposes a monomolecular film, or at least a membrane of molecular 
dimensions, whereas the membranes surrounding the dispersed globules 
of many of the emulsions considered in the literature are sometimes 
visible to the naked eye and often, when stiffening sets in, separate as 
permanent structures. This statement is not in accordance with the views 
on adsorption. 

In measuring the surface tension of many benzene derivatives, Sugden 
201,262,263 believcd that on the basis of the data obtained, the Langmuir- 
Harkins hypothesis of the orientation of molecules on a liquid surface 
leads to the prediction of regularities in the total surface energy of ben- 
zene derivatives. Thus, even if the surface molecules of a liquid do pos- 
sess a definite orientation, the total surface energy is not determined 
simply by those groups which are directed outward, but by the molecule 
as a whole. Sugden states that, according to Langmuir, Harkins, Davies 
and Clark, the total surface energy of a pure liquid is determined largely 
by the orientation of the molecules in the surface layer. This view 
involves two hypotheses: (1) that the molecules in the surface layer of 
a liquid are so oriented that the more strongly attracted groups are closer 
to the mass of the liquid than those parts of the molecule which have less 
residual aflSnity; and (2) that the total surface energy of the liquid is 
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detennined cliiefly by the external groups of atoms and is only slightly 
affected by the strongly attracted groups which are drawn into the body 
of the liquid. Further, he develops theoretical arguments from which it 
can be seen that no evidence is obtained for or against the existence of a 
layer or of oriented molecules by a comparison of the total surface 
energies of related substances. However, since such oriented layers 
do seem to exist to some extent in certain solutions, as well as in thin 
films of insoluble substances on a water surface, it is interesting to 
inquire what limitations the kinetic theory sets upon orientation taking 
place to any extent in a pure liquid. An oriented layer contains molecules 
which have lost their degree of freedom, namely, rotation, translation, 
and vibration, according to the theory of the equi-partition of energy. 
This means a loss of 3 X 1/2KTJN ergs per mol of kinetic energy which 
should reappear as potential energy at the surface. From the density of 
benzene at 25°, it follows that the average cross-sectional area of the 
benzene molecule (assumed to be symmetrical) is 28 X 10"^® sq cm. 
Hence, the potential energy of one sq cm due to the forces producing a 


monomolecular oriented layer is -iiJr/iV X 28 X 10"^®. Taking B = 8,315 

2 

X 10 T = 298 and N = 6.00 X 10^^, this becomes 21.9 ergs/sq cm. 
Since the free energy of benzene at 25° is about 25 ergs/sq cm, it is 
evident that the forces found by experiment to exist in the surface 
layer are of the right order of magnitude and are capable of bringing 
about some degree of orientation. 

Einstein considers that the replacement of surface molecules by 
diffusion from the liquid mass is diflScult to calculate. His theory leads 
to the conclusion that within the liquid the time required for a molecule 
to move through its own diameter is of the same order of magnitude as 
that required for rotation through 180°, or 10~® second. From our present 
knowledge, according to Sugden, it is impossible to prove that orientation 
occurs at the surface of a pure liquid. It has been shown, however, th. 
such an ordered arrangement of the surface molecules, if present, does not 
affect the total surface energy, as would be expected, and that the kinetic 
theory sets definite limits on orientation if present to any great extent. 
From this consideration, the surface properties of pure liquids are best 
accounted for by a theory of random distribution of surface molecules. 

The mechanism of emulsification by soaps has been explained by a 
modification of the wedge theory.^®® The original form of the wedge 
theory would be destroyed if it could be shown that the molecules in the 
interfacial film are by no means closely packed. Griffin®® actually 
showed that the area occupied by a soap molecule at the oil/water inter- 
face was 44 A“, whereas Harkins and Bceman showed that an emulsion 
could be formed with a larger inter facial area. 

Lyons^^®® film experiments proved that a residual bimolecular film 
of acid soap was the stable configuration in alkaline solutions. He 
assumed that a ''bimolecular leaflet” might be present at the oil/water 
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interface, in which case it would have a profound influence on the emul- 
sifying power of the soap solution. The existence of the bimolecular 
leaflet at the surface of soap solutions seems to be well established, and 
the similarity between frothing ability and emulsification apparently 
confirms the presence of this bimolecular leaflet at the benzene/water 
interface. In solutions where a benzene-in-water emulsion is more stable, 
film experiments show tliat the lower layer of the bimolecular leaflet was 
not completely close-packed. In very alkaline solutions, where a water- 
in-benzene emulsion is more stable, the bimolecular film has considerably 
less than half the area of the original monomolecular film. In solutions 
where the two layers are equally packed, the emulsions are of almost the 
same stability. These observations, according to Lyons, support the view 
that emulsification depends on the presence of a bimolecular leaflet, and 
that a monomolecular film shows little tendency to form emulsions. 

A film exists whenever a layer which has a composition differing 
from that of the body of the liquid or solid is present at the boundary 
surface, provided the area and form of this layer are indepenaent of 
gravitational forces. Film formation versus lens formation is determined 
by the balance of interfacial forces. Whenever the area and the form of 
the layer depend upon both the surface and gravitation, a lens results. 
The question is raised whether Lyons considered this fact in his theory 
of a ^^bimolecular leaflet^’ in the interface. 

Lyons presents the mechanism of emulsification as follows: When 
a soap molecule is first adsorbed at the interface, it gives a double film 
packed the same on both sides. In less alkaline solutions, the lower 
layer will be less densely packed than the upper layer, and equilibrium 
is reached either by a transference of molecules across the interface or by 
curvature of the boundary. In emulsion formation, the latter effect pre- 
dominates. To increase the curvature of the lower layer of the initial 
symmetrical film, the boundary is curved with the upper layer toward 
the inside, giving an oil-in-water emulsion. A similar analysis accounts 
for the stability of water-in-oil emulsions in very alkaline solutions where 
the lower layer is probably more closely packed than the upper. Over 
the range within which a symmetrical leaflet is stable, the boundary will 
not be likely to curve in either direction, and neither form of emulsion 
will be more stable than the other. 

Cassel^^’^^ derived a criterion for the stability of emulsions based on 
thermodynamic principles and known adsorption isotherms. He showed, 
in agreement with Bancroft's rule and Ostwald’s solid substances rule, 
that an emulsion system remains stable by small additions of a stabilizer, 
exceeding a minimum concentration, whereas with larger additions (except 
in the case of monomolecular adsorption) it again becomes unstable. 
The empirical course of adsorption isotherms is determinative for the 
stability range of films. The thermodynamic theory of adsorption on 
curved surfaces leads to a relationship corresponding to that found by 
Gibbs-Thomson for the dependence of vapor pressure on droplet size. 
In this connection, the basic idea has been deduced that emulsions may 
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be stable if the density of the emulsifying boundary films is greater for 
surfaces with a greater curvature than for those with a smaller curvature. 
According to Gibbs-Thomson calculations, a system made up of small, 
globule- like drops is unstable because its vapor pressure is increased by 
surface curvature. When an emulsifier (stabilizer) is used, the stability 
of the emulsion depends on the stability and impermeability of the formed 
film. If this film stands in equilibrium with the limiting phases, the 
thermodynamic potentials of the emulsifier are the same in the whole 
system. This value is given by the capillary pressure, which acts upon 
the internal phase, and may be expressed by the equation: 

Ar = A) -f 2<r/r{Dxn — Dot) 

where fir and fio are the potentials of the curved as well as of the flat 
films; <Tj the interfacial tension; r, the radius of the particle, and Din and 
Dox, the densities of the emulsifying substance in the internal, as well as 
the external phase. If the film is stable, fir < fio and Dex > Din. Cassells 
thermodynamic theory accounts for the fact that diminution in the radius 
increases the stability of emulsions and also expresses Bancroft’s rule 
governing the reversal of emulsion type. Conditions of stability for 
emulsions containing a stabilizing agent have been discussed recently by 
Boutaric.2® 

Schulman and Cockbain’s recent investigation seems to indicate 
that a stereochemical packing at the oil/water interface is essential to the 
formation of a stable emulsion so that a condensed liquid film will form. 
This interfacial film is electrically charged. The stability of these films 
is dependent on van der Waals’ forces of attraction between the nonpolar 
parts of the two components (oil- and water-soluble) and on the inter- 
action between the respective polar heads. Alteration in the size of the 
nonpolar residues and the nature of the polar heads cause alterations in 
the molecular packing and stability in the interfacial complex films, and 
therefore in the stability of the investigated Nujol-in-water emulsions. 

In Fig. 15 Schulman and Cockbain present diagrammatically three 
different complexes showing marked differences in the stabilizing power. 
Emulsion stability is a function of stereochemical packing at the inter- 
face, closely packed condensed complexes giving an excellent emulsion. 

The theory of orientation, in spite of its variations, or the conse- 
quences found or assumed by different investigators, is of great interest 
and significance, although more experimental work is required to prove its 
application to emulsion systems. However, there seems to be evidence 
that the molecules of the emulsifier are actually oriented at the interface 
between the two phases of an emulsion; but whether the particle size, 
amount of curvature of the interface, or stability is determined by the 
geometric configuration of the molecules has yet to be proved experi- 
mentally. 

Summary 

Progress in our knowledge of emulsion systems indicates certain neces- 
sities in the manner in which future investigations in this field should be 
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carried out: (1) a logical and separate grouping of factors influencing 
emulsification, permanence of the system formed, and its transition from 
one type to another; (2) more accurate methods of investigation; and 
(3) only emulsion systems similar in nature and type should be compared 
with respect to their various properties, and then only under comparable 
conditions. 

1. Factors Influencing Emulsification 

Surface tension, as well as interfacial tension, acting as a contractile 
force, draws one of the components of an emulsion system into a series of 
s})hcrical droplets and separates an intimate mixture of two immiscible 
liquids into two single phases separated by the smallest possible inter- 
face. The efiSciency of a third substance — the emulsifier, added to the 
system to promote emulsification — is often indicated by its ability to 
reduce the interfacial tension between the two original liquid components 
of the system. A low interfacial tension between oil and emulsifying 
agent is the result of adsorption of the latter in the boundary of oil and 
water, where it is spread out into a thin film. Low surface or interfacial 
tension decidedly assist emulsification. 

Viscosity plays a rather subordinate part in emulsion formation. 
From the standpoint of emulsification, two kinds of viscosities should be 
considered, namely, that of a molecular dispersoid having true internal 
friction and resisting molecular motion, and that of an emulsion which 
offers no hindrance. Some effect upon emulsification may be expected 
from colloidal liquid emulsifiers, such as albumin, starch, and glue. In 
case of Pickering^s solid emulsifiers, the eflSciency is not less than that of 
molecular and colloidal solutions. In both cases, emulsification may be 
interpreted by influence of viscosity. High viscosity in the external phase 
inhibits stabilization of the interface by retarding diffusion of the emulsi- 
fying agent into it, thereby hindering emulsification. Viscosity is not a 
primary factor in, or cause of, emulsification, although it may increase 
emulsion stability; in some cases it is important only because of the 
hindrance offered to the coalescence of dispersed globules. 

Solubility of the emulsifying agent may be related to its emulsifying 
power with respect to whether it is molecularly or colloidally soluble, and 
whether the phase in which it is soluble is external or internal. One defi- 
nition of a good emulsifier is that it be soluble and present in the external 
phase. As to whether the emulsifier is always in a colloidal state at the 
time it produces emulsification, equally valid and generally accepted evi- 
dence indicates that a good emulsifier may be molecularly or colloidally 
dispersed, or may exist as macroscopic particles. However, classification 
of emulsifiers with respect to their emulsification ability based on their 
solubility is of great importance. 

The ability of colloidal emulsifiers to combine with water to form a 
hydrate in the process of emulsification has been overestimated. The 
different emulsifying eflBciencies, ascribed to varying hydration, of sub- 
stances acting as good emulsifiers may be significant in some cases; but 
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the postulate that oil is well emulsified by a hydrophilic colloid when just 
a sufficient amount of water is present to form a hydrate is incorrect. 

The degree of dispersion of a liquid or of a solid substance used as an 
emulsifier is of importance in producing emulsification. The greater the 
dispersion of the emulsifier, the larger the active surface producing the 
emulsion. On the other hand, the concentration of the emulsifier deter- 
mines whether there is sufficient emulsifying agent present to induce 
emulsification, but it is incorrect to assume that emulsification depends 
solely on particle size. In no way is it correct to state that the average 
size of globules in an emulsion depends on the size of particles of the 
emulsifier used. Whether the size of particles of the emulsifier in itself 
accounts for emulsification, or the chemical behavior of the emulsifier or 
the gravitational or other forces acting simultaneously in the system are 
responsible for the formation of an emulsion, is hard to say. It is believed 
that the properties of the particular emulsifying agent in a particular 
oil/water system are of decisive importance in emulsification phenomena. 
The viewpoint that emulsification depends solely on the minuteness of 
division of the emulsifier is not justified in the case of solid emulsifiers. 

In the case of oil-in-water emulsions, in order that solid particles of 
emulsifiers be emulsified, they must not have a tendency to agglomerate, 
but must be adsorbed at the oil/water interface, that is, must be more 
readily wetted by water than by oil; the opposite is true of water-in-oil 
emulsions. When liquid molecules and those of the solid surface attract 
one another, wetting takes place, as a result of which the liquid spreads 
to an extent determined by the spreading coefficient, given by the contact 
angle which the surface of the liquid makes with the liquid/solid inter- 
face. The size of the contact angle is determined by the balance between 
three interfacial tensions: liquid A/liquid B, liquid A/solid, and liquid 
B/solid. The liquid/liquid interface is inclined in the direction of the 
liquid possessing smaller spreading abilty. 

In investigating the factors governing emulsification, the following 
measurements should be carried out for an emulsion system: (1) inter- 
facial tension; (2) viscosity of the oil component (viscosity of the emul- 
sion system, both initially formed and after emulsification) ; and (3) 
solubility of the emulsifier with regard to its degree of dispersion (col- 
loidal or molecular) and the phase (external or internal) in which the 
emulsifier is present. For a solid emulsifier, the degree of dispersion, 
action of gravitational force (sedimentation), and chemical behavior 
should be tested. The wettability of both components of the emulsion 
must be measured separately, as well as the angle of contact of the inter- 
face with the solid, and the adsorption ability at the interface, consider- 
ing also the curvature of the boundary. In the case of liquid emulsifiers, 
the spreading ability of one liquid upon the other should be determined. 

During emulsification measurements, the physical conditions to be 
considered are: temperature, time of emulsification, type of mechanical 
treatment, and homogenization of the emulsion formed. 
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2. Factors Influencing Stability of Emulsion Systems 

The permanent state of emulsion systems is likewise governed by its 
specific factors, principally by the action of two opposing forces: (1) the 
surface tension tends to bring about coalescence of the dispersed globules, 
and (2) the cohesive force of the film of the emulsifying agent resists 
coalescence. The stability of emulsions increases when the interfacial 
tension decreases. To some extent, and in certain cases, viscosity among 
other factors improves the stability of emulsion systems. A high super- 
ficial viscosity may account for the resistance offered to the withdrawal 
of films from between the oil droplets, and consequently for the perma- 
nence of the emulsion. Likewise, in instances in which inter facial tension 
is not strong enough to withdraw the interfacial film fast enough, and 
where the emulsifying agent has a greater internal viscosity, the thinning 
of the protective film occurs so slowly that the emulsion is maintained 
in a permanent state. 

Even if an equilibrium in an emulsion system corresponding to the 
permanent state is established, physical factors, such as temperature 
changes, ageing, and hydrolysis, may readily displace it. In this sense, 
knowledge of the nature of the emulsifying agent, as well as that of the 
stabilizer, is of great importance. Physical factors affect the molecular 
or colloidal emulsifier differently, and this fact is reflected in the main- 
tenance or destruction of the permanent state. The rate of separation or 
disintegration into layers obviously is a function of the difference in den- 
sity of the phases, the viscosity of the continuous phase, the velocity of 
diffusion, and the degree of dispersion. The size of the globules consti- 
tuting the disperse phase of an emulsion is an important factor in deter- 
mining its permanent state; a stable emulsion usually contains all sizes 
of globules with a maximum of 1.0 to 1,5 microns, the percentage of larger 
globules being small. While little is known abput the relationship between 
the physical properties and the average size of globules in the disperse 
phase, it is an established fact that the degree of stability of an emulsion 
may be measured by the change in number distribution curves with time, 
i,e., during the ageing of the system, and that an emulsion approaching 
the unstable state is characterized by the appearance of large globules as 
the result of coalescence and aggregation of smaller globules. 

Since the stable state corresponds to a strictly spherical shape, the 
appearance of irregularities in the shape by microscopic examination is a 
proof of a broken emulsion. The reason why globules resist coalescence 
into larger aggregates as well as for the destruction of the static equi- 
librium, lies in the existence of electric charges on the globules. Those 
of the disperse phase are electrically charged in such a manner that a 
charged double-layer constitutes a kind of a spherical condenser, its 
thickness being small in comparison with the radius. Globules with a 
charge of the same sign repel one another on approach, preventing coales- 
cence. Naturally, the finer the division the less chance there is for 
coalescence to take place, and the more stable the emulsion. Of course, 
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the presence of electrolytes and tlieir action, mobility of Brownian move- 
ment, and volume concentration are factors influencing stability in their 
turn. Action of electrolytes on oil-in-water systems often causes a dis- 
charging effect on globules, as well as discontinuance of Browrian move- 
ment. Brownian movement depends on thermal agitation of molecules, 
on the mass, on the difference in the specific gravity between the disperse 
and the continuous phase, on viscosity, and on pH value. If there is no 
material difference in specific gravity between the phases then, after dis- 
charge by electrolytes, only a change in the degree of dispersion takes 
place, but not precipitation. 

Complete coagulation of an emulsion system involves not only the 
action of electrical forces, but also that of capillary forces. It is postu- 
lated that normal coalescence is prevented by the electric double-layer, 
which must first be broken. The potential difference between the dis- 
persed globules and the dispersion medium and the electric charge carried 
by dispersed globules is directly related to the stability of emulsion sys- 
tems. At the oil/water boundary there is a contact potential. When this 
decreases, the stability likewise decreases; because of a decrease in the 
strength of the electric double-layer, the latter can be readily destroyed 
and thus bring about coalescence of the globules. With respect to the 
potential difference across the double-layer in the case of oil-in-water 
emulsions, it is postulated that if it exceeds a critical point of 0.03 volt 
the emulsion is stable, but below this point coagulation should take 
place.2^® As with other suspensions, in addition to the effective charge 
and the electrokinetic behavior of dispersed particles, the stabilization 
effect of certain ions must be considered for some emulsions. The pres- 
ence of flocculating ions of various electrolytes in the system may reduce 
the concentration of those ions acting as stabilizers. 

The protection of an emulsion against breaking is assumed to be 
caused by a film at the interface. The nature of this film, its thickness 
and change with time, are factors closely related to the concept of emul- 
sion stability. Not only does a special thickness of the film at the inter- 
face (often specified as monomolecular) contribute to the stability of an 
emulsion, but also to the manner in which molecules making up the emul- 
sion are oriented in the interface. The molecules of the soap and the 
emulsifier tend to orient themselves so that the boundary molecules are 
in a position to permit the transition from one liquid phase to the other 
to occur with the least possible abruptness. This orientation is also in 
accord with the general principle that at the surface an arrangement 
which gives the lowest free energy will be the most stable. The mole- 
cules which make the transition from the interior mass to the dispersion 
medium, or the molecules of the film, arc supposed to fit the curvature 
of the drop and by a definite size produce a stable system. Thus the 
stabilizing ability of an emulsifier is supposed to be indicated by the 
curvature of the film in the interface, whether it is more or less concave 
toward the oil phase, and by the size of the average droplets fitting the 
curvature. 
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Experimentally, the state of stability of an emulsion may be measured 
by: (1) size frequency analysis; (2) electric charge (cataphoresis) and 
potential difference across the double-layer between the disperse phase 
and the dispersion medium; (3) thickness of the protective film at the 
interface, measured in time intervals (excluding the action of hydrolysis) ; 
(4) surface, as well as interfacial tensions as functions of time; and (5) 
viscosity and specific gravity. 

3. Factors Producing Inversion of Phases in Emulsion Systems 

As a rule, emulsion types cannot be reversed by merely changing the 
volume ratio. Usually a certain emulsifying agent will form an emulsion 
of one type only, regardless of the phase ratio, but there is always a 
maximum amount of oil which may be emulsified. It is assumed that at 
a critical ratio of water to oil so much of the emulsifier soap would be 
present that it could surround the oil drops without formation of inter- 
mediate spaces of more than molecular dimensions. When not enough 
soap is present to surround the droplets completely, the surface possesses 
a higher surface tension and the sj^stem becomes unstable. For an oil/ 
water type of emulsion, a liquid emulsifier is likely to be soluble in the 
external phase, whereas a solid omulsifier is likely to be wetted more by 
water than by oil. For the reverse emulsion type, water-in-oil, the oppo- 
site conditions for the emulsifier are implied. The inversion point of 
emulsion systems is influenced by changes in various physical conditions 
under which the system exists: (1) a rise in temperature favors the oil- 
in-water type, whereas lowering of the temperature is more advantageous 
for the reverse type; (2) electrolytes or alkali soaps stabilize only the 
oil-in-water emulsions, but polyvalent soaps stabilize only the water- 
in-oil emulsions; and (3) dilution with water effects a change in 
the type of emulsion due, partially at least, to a transfer of the soap to 
the aqueous phase or to the displacement of the equilibrium between 
emulsifying tendencies of opposed emulsion systems, so that stabilization 
of the oil-in-water type in the end is in the ascendancy. However, in 
the latter case, a dual emulsion, rather than one of the inverted type is 
formed. The greater the dilution or the greater the distance between the 
oil globules in an emulsion, the larger the proportion of multivalent 
electrolytes required to bring about reversal of phases. Mechanical treat- 
ment, such as vigorous restirring of the emulsion, is one of the variables 
which, under certain conditions of the system, may cause inversion of the 

emulsion. . . . .. 

Free fatty acids and alkalies shift the inversion point in opposite 
directions. The differences in the percentage of electrolyte required to 
produce reversal of phases indicate their varying protective action. The 
nature of the emulsifier, as far as phase inversion is concerned, is involved 
because hydrophilic colloids tend to make water the external phase, 
whereas hydrophobic colloids tend to make it the internal phasc The 
hydration ability of the emulsifier may be important at times. Whether 
oil dispersed in water or water dispersed in oil results from emulsification 
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depends also upon orientation and the packing effect of the molecules of 
the emulsifier at the interface. 

The size of the metal atom, as well as its valence, may also be related 
to the effect of reversing the type of emulsion. 
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Foams 

Introduction 

A parallel exists between the concept of emulsions and that of foams. 
Not only are foams similar to emulsions, but they may be considered, to 
a certain extent, as concentrated emulsions having a gas instead of a 
liquid as the dispersed component. On the other hand, the fact that the 
formation of an emulsion is often accompanied by the formation of foam 
indicates that, at least in these cases, foam systems originate under the 
same conditions as emulsion systems. Oils which are readily emulsified 
in water act as foam-forming substances, but difficultly emulsifiable 
oils, such as cedar or castor oil, show very little tendency to form foam. 
Foams, as well as emulsions, are generally three-component systems, that 
is, they require the presence of an agent for their formation. Factors 
influencing the origin of foam systems and those influencing their ability 
to sustain themselves indicate another similarity between the properties 
of emulsion and foam systems. 

Three stages may be differentiated in the life of dispersion systems 
such as emulsions and foams: (1) origin; (2) maintenance of the stability 
of the system formed; and (3) transition to the unstable state. Factors 
and forces governing different stages in the existence of a foam comprise 
the physical chemistry of the system in question. 

Foam Formation 

Origin and Mechanism 

The formation of a single lamina. Foam is a formation in which 
macroscopic, microscopic and/or ultramicroscopic gas bubbles are sepa- 
rated by micronic or submicronic liquid layers (skins) . Therefore, foam 
is a union of laminae. The formation of a foam occurs in the same 
manner as the formation of a single liquid lamina. Each film formed 
serves as a basis for the formation of other surface films; consequently, 
knowledge concerned with the formation of a single film may account to 
some extent for a number of films, called in the aggregate “foam.” 

The construction of a foam system may be described as follows: A 
bubble of air rising in a liquid reaches the surface but does not break 
through; it rather lifts up a film in the form of a spherical wedge. A 
second bubble rises to the top, approaches the surface at a certain point, 
and is placed under the first film. This determines the formation of a 
second lamina which lifts the first film on one side, so that the amount 
of air enclosed by these two laminae respectively is separated by a por- 
tion of the second lamina, as well as by a partition of liquid. In the 
event the second lamina originates at a distance, the spherical wedge of 
the first is then completed; the capillary forces and flotation of light 
bodies assist the second bubble to approach the first in order to create 
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a tangential contact, provided they are not separated by too great a dis- 
tance, which is not the case in foam formation. 

Actually, only a part of a bubble reaches the surface and wets it. 
The faces of the bubble change in curvature before they touch tangen- 
tially, and the same change occurs also along the line on which a bubble 
is bound to other bubbles. Obviously, because of their liquid nature, the 
two laminae cannot meet each other either at their angles or at their 
linear edges; for continuity, it is necessary that they be formed along 
the line of meeting in a small area of concave surfaces placed perpen- 
dicular to this line. But this area is too small to be distinguished, as 
are the partitions, which unite to form a small mass, having its oWn 
curvature independent of the respective curvatures of the two laminae and 
dependent on the difference in the pressure exerted upon the sides of the 
two volumes of air enclosed. If these two volumes of air are equal, the 
two laminae belong to equal spheres, compressing the two volumes of air 
with the same intensity. But if the volumes of air are unequal, the two 
laminae belong to spheres of different diameters, exerting an unequal 
pressure on the two volumes of air. Consequently the partition, when 
subjected to equal pressure on both sides, is not curved, but plane; and 
when subjected to unequal pressure, it is distorted on one side, the par- 
tition diminishing until the pressure produced by it in the concave curva- 
ture counterbalances the elasticity of the air. 





Fio. 1. A Group of Four Bubbles and a Projection of Assembled Curved Laminae. 

Since air bubbles are always rising, the structure formed is lifted con- 
tinuously. All laminae are layered with more or less symmetry, depend- 
ing upon the difference in the volume of air bubbles and the distribution 
of points where they may reach the surface of the liquid, the air bubble 
structure growing higher and higher. 
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Observation reveals that this accumulation of bubbles is not governed 
by chance, but is subject to law; that is, innumerable bubbles join 
together in threes at equal angles in such a way that not more than four 
edges of three laminae pass through the same point, cutting laminae, as 
well as edges, at an angle of 120®. Therefore, foam bubbles, in cross- 
section, are hexagonal structures with equal angles of 120®.^^ 

In Fig. 1 a configuration of a group of four bubbles, assumed to be 
equal in diameter and combined rectangularly, is graphically presented. 
But since this structure is in a state of temporary equilibrium, a transition 
from it to a structure in which three laminae are joined together at an 
angle of 120® may occur. In this same figure there is also included a 
projection of assembled curved laminae connected with one another by 
other laminae extending the length of the prism. 

In the formation of a foam, bubbles are formed in which more than 
three laminae come together, the laminae sliding over one another until 
conditions for true equilibrium are fulfilled. The motion of the liquid, 
when displaced by a bubble, lifts up the skin formed, and is such that it 
stretches the two surfaces where the liquid comes into contact with the 
air. The liquid film, or lamina, may be stretched only when surface 
tension and vapor pressure are small. In 1869, Mensbrugghe proposed 
a formula for the equilibrium of a lamina resting on the same liquid from 
which it originated (Refer to Fig. 2 for graphic presentation). 

In Fig. 2 the interior surface of a bubble is concave. 



Fia. 2. Graphic Presentation of a Lamina Resting on the Liquid from which 

It Originated. 


Forces acting in a lamina. The surface tension, IT, of the external 
liquid at a, the horizontal components of two surface tensions ^ at 6 and c, 
and the horizontal component of a single surface tension at d are the 
forces which tend to displace the liquid contained in the area bounded by 
curves ab and cd and line ad (Fig. 2). (These tensions are all directed 
against the exterior of the small mass of the liquid.) If a and p represent 
angles formed by tangents with the horizontal in 6 or c and in d, then 
we have: 


T = 2t cos a + i' cos 0 
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According to Mensbrugghe if, in the case of an aqueous soap lamina 
formed on the surface of the same liquid from which it originated, ten- 
sions T, t, and V are equal, the equation is then written: 

2c 08 a + cos = 1 

Or, if the lamina is very large, the pressure produced upon the air enclosed 
is very low; therefore, p is close to zero, a close to 90®, and the lamina 
is hemispherical. 

If the dimensions of the sphere decrease, the pressure of the air on the 
interior, as well as increases with a gradual decrease in a; the lamina 
would then constitute a portion progressively smaller than a complete 
sphere. Also, it is evident that if cos a is close to 1, then cos p is close to 
— 1. This is in the case of an extremely small air bubble; in the surface 
of the liquid, practically no bubbles originate. 

Construction of a foam system. In passing from a single liquid 
lamina to a system made up of a number of laminae, it is of great impor- 
tance to consider the surface tension factor. Quincke and Marangoni 
studied the conditions under which a liquid spreads into a thin film, con- 
cluding that: (1) Surface tension exists in all liquid surfaces and there- 
fore in all films, and is independent of the curvature of the surface or 
film. This surface tension is the same for all directions of the surface 
or film and at every point. (2) Surface tension varies with the nature of 
the liquid. (3) For the same liquid, surface tension varies inversely with 
the temperature, but at ordinary temperature it undergoes little change. 

Many hypotheses have been proposed to account for surface tension. 
According to Segner it originates from the mutual attraction of mole- 
cules in the superficial layer tangential to the curvature of this layer; 
according to Mossotti,^^ Hough,^® and Duprc,^^ it depends upon the 
asymmetry of molecular action in the thickness of the superficial layer, 
although only minor differences in this type of asymmetry are involved; 
Hagen^s hypothesis attributes surface tension to a great density of the 
superficial layer; the theories of Lamarle and Henry consider surface 
tension to be due to the contraction of the superficial layers, some of the 
molecules in this layer passing into the interior, thereby decreasing 
spreading. 

According to the work of Laplace, who considered only the effect of 
curvature, the pressure from a concave layer in a state of equilibrium 
opposes a force originating in general hydrostatic actions. It must be 
borne in mind that convex and concave superficial layers exert a normal 
pressure on a liquid at each point, the superficial layer, meeting an oppos- 
ing force, finally spreading after curving beyond a critical point. In 
other words, molecules in the same layer must be in a condition to spread 
tangentially. This is the reverse of Young's theory, which assumes sur- 
face tension, and shows that the tangential component of the surface ten- 
sion around a given point has a normal pressure as a resultant, regardless 
of whether the surface is convex or concave. This pressure, as Laplace 
showed, exists only because of molecular attraction and may be analyzed 
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around a point into tangential components, each of which constitutes a 
surface tension. 

Plateau states that surface tension is a result of curvature, but is 
independent of the value of this curvature. From an actual consideration 
of the two tangential components of a convex surface of a liquid and the 
initial pressure which causes their appearance, it is evident that if the 
curvature decreases, this pressure decreases at the same time; but, on the 
other hand, the angle between the two components increases in such a 
manner that these components or surface tensions retain the same value 
as for the previous curvature. If the curvature decreases up to a point 
where it disappears, the component affected by pressure is eliminated and 
the two remaining components become prolongations of each other; there- 
fore curvature is infinite, as in the case of plane liquid surfaces. 

Another question to be considered is how surface tension penetrates 
similar surfaces, for instance, a film of liquid adhering by its edges to the 
surface of a liquid, or to other films. In the case of films, these partitions 
are invisible, but their existence is obvious. As previously stated, the 
faces of the bubbles change their curvature before they touch tangentially. 

Conclusions 

(1) Foam is a union of laminae. 

(2) The mechanics of foam formation is similar to that of a single 
lamina. 

(3) The symmetry in the construction of a foam depends upon the 
difference in the volume of gas enclosed by a lamina. 

(4) The accumulation of bubbles in a foam follows Plateau^s rule, 
that is, bubbles join in three at angles of 120°. 

(5) Physical factors involved in the spreading of a liquid into a thin 
film apply to foams, surface tension being one of them. Surface tension 
is the result of curvature and is independent of the value of curvature. 
It is the same at every point in all tangential directions. It varies with 
the nature of the liquid and inversely with temperature. The change in 
curvature of the faces of bubbles prior to their tangential contact is proof 
that surface tension penetrates a film. 

Factors Influencing Foam Formation 

Vapor pressure and surface tension. Not every gas bubble distribu- 
tion in a liquid, as in a sol, can be called a foam. Foam formation com- 
bined with a great increase in surface is possible only when the surface 
tension of the foam components is small. 

Pure liquids with low surface tension are close to their boiling points 
and have a high vapor pressure. Therefore, the thin liquid laminae of 
which foam is composed evaporate too quickly to form and sustain foam. 
On the other hand, when liquids have a low vapor pressure, their surface 
tension is too great. Low surface tension and vapor pressure, when 
present together in capillary-active substances, are favorable conditions 
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for the promotion of the foaming process.^® Capillary-active substances, 
when dissolved in a system, lower the surface tension and are adsorbed 
in the interface. 

That a certain relation between foaming and surface tension of the 
liquid from which foam originates should be anticipated follows from the 
fact that solutions containing dissolved capillary-inactive substances not 
influencing surface tension do not produce foam. Foams do readily occur. 



34Tu(^AriON oe&eee /o» ^ATumAreo 50 lut/on 

Fiq. 3. Surface Tension and Foam Formation. 


however, in solutions of surface-active substances, such as organic salts 
and acids, sugars, glycerins, alcohols, and esters. Of course, surLace-active 
substances are foam agents only under definite conditions. In certain 
cases, discussed later, other factors, such as concentration, solubility, 
viscosity, etc., may overcome the influence of capillary activity. Bartsch ^ 
proved experimentally (Fig. 3) that foam formation and lowering of sur- 
face tension are antagonistic when a certain concentration is exceeded. 

Foam formation-concentration curves drawn by Bartsch for butyric, 
nonylic, and caproic acids and for octyl, heptyl, and amyl alcohols indicate 




118 


EMULSIONS AND FOAMS 


that these capillary-active, foam-forming substances lose their foaming 
ability when a certain saturation is exceeded. The upper curve a/c of 
butyric acid has a shape indicating that the relationship between foaming 
ability and surface tension is lost in higher concentrations. The same 
experimenter also found that, even in the case of such strong capillary- 
active substances as sodium cholate or saponin, the foam-producing 
ability may be lost when supersaturation occurs. Wo. Ostwald and 
A. Steiner proved with humus sols that a relation does not always exist 
between surface tension and foam-forming ability. Bartsch pointed out 
that oleic acid emulsions which do not foam show a pronounced foaming 
ability at certain concentration intervals, in which, as a rule, the surface 
tension is of an order of magnitude corresponding to that of water. By com- 



Fio. 4. Surface Activity and Foam Formation for More Dilute Solutions. 

paring the foam-forming ability of various surface-active foam-forming 
substances, such as homologous alcohols and fatty acids, the relationship 
between surface activity and foam formation was found to be comj)lex. 
A parallel was observed when concentrations were studied corresponding 
to the limited value for foam formation ^ (Figs. 4 and 5, from refer- 
ence 3) . 

When the maximum in foam formation was reached, the acids 
decreased the foaming ability in spite of an increase in surface activity, 
using members of the homologous series with limited solubility. The only 
regularity observed by Bartsch was in the group arrangement of surface 
tension values. The average corresponded to an optimum foam formation 
at 61 dynes for fatty acids and alcohols. In other cases, the decrease in 
foaming ability was parallel with the decrease in surface activity of the 
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component dissolved in water. A certain relationship between surface 
activity and foam formation suggested itself when the solubility of single 
members of the homologous series was considered. Fig. 5, taken from 
Bartsch’s work, shows that foaming ability in very dilute fatty acid and 
alcohol solutions increases steadily with increasing surface activity. 



HOMOLOGOUS ALCOHOLS AMO HATTY ACIDS 

Fui. S. Scheme of the Relationship between Foiini Formation and Surface 
Activity for Solutions of Higher Concentration. 

Solubility and surface activity. When surface-active, foam-forming 
substances are dissolved partially or completely in molecular dispersion, 
solubility of the molecularly dispersed substance also plays a certain part 
in producing foam. Traube and Klein state that only the molecularly 
dispersed portion of the solute is related to surface activity; therefore 
the solubility factor must also be considered in foaming. Solubility 
decreases with increase in the number of carbon atoms; thus the higher 
members of the series have a limited solubility, or are insoluble. On the 
other hand, Traube’s rule indicates that capillary activity increases in 
ascending homologous series. Therefore, the decrease in solubility limits 
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the increase in surface activity. This fact led Bartsch to assume that the 
maximum solubility is reached by the lowest members of the homologous 
series and the maximum capillary activity by the highest members. 
Therefore, a favorable relationship should exist between solubility, sur- 
face activity, and foaming ability for the respective intermediate mem- 
bers, such as butyric acid or amyl alcohol. In the case of higher mem- 
bers, this relationship appears to be more unfavorable because the solu- 
bility decreases more readily than the surface activity increases. 

This assumption may be proved by taking into consideration the well- 
known equation of Szyszkowski, who formulated an empirical expression 
of the relationship between a (surface tension) and concentration (c) 



where gl denotes the surface tension of the solution, gm the surface ten- 
sion of the solvent, and fc is a constant. 

By means of Szyszkowski^s formula, values for surface activity 
relating to solubility are obtained when the constant fc, the reciprocal 
value of which is a measure of capillary activity, is divided by the amount 
of surface-active substance in a given volume of solution. The greater the 
surface activity and the solubility, the smaller the value of the quotient. 

The influence of solubility is also quite considerable; thus an increase 
in the solubility of a substance forming the foam leads to an increase in 
foaming.® 

If a second agent is added to a solution of a capillary-active sub- 
stance, the foaming ability of the mixture may be improved, depending on 
the changes occurring in the solubility. If the solubility of the first 
surface-active substance is increased by the addition of the second, then 
the foaming ability of the mixture may be greater than that of either of 
the components. For example, nonylic acid, a weak foam agent, becomes 
an excellent foam agent in a 60-per cent aqueous ethyl alcohol solution. 
Other foam agents may bring about a decrease in foam formation. In the 
following examples it was shown that a decrease in solubility brought 
about by a second capillary-active substance produced a decrease in foam- 
ing. A solution of 0.5 per cent of isoamyl alcohol and 0.1 per cent of 
benzyl alcohol decreased the duration of the foam from 17 to 9 seconds; 
a m-cresol solution and 0.01 per cent of benzyl alcohol decreased the dura- 
tion of the foam from 11 to 6 seconds. Maximum foaming was obtained 
with 29 per cent ethyl alcohol; larger proportions caused a diminution in 
foaming. 

Solubility, spreading, and viscosity. There is another proof of the 
relationship existing between capillary activity, solubility, and foam for- 
mation. Since the solubility of a substance depends on the difference 
between the attraction of the solute for the solvent and the solute for the 
solute, it is probable that the work of adhesion minus the work of cohe- 
sion, called ^'spreading coefficient,” should also be considered an important 
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factor in determining solubility. But there is a distinction between 
^^spreading in water” and “solubility.” In the case of spreading, the most 
active or polar part is chiefly involved, whereas, in the case of solubility, 
the whole molecule is concerned. From this standpoint, it is to be inferred 
that liquids incapable of spreading upon water are insoluble in water. 
Therefore, the spreading-solubility relationship should be considered in 
choosing foam agents. 

The classical theories ascribe the property of film formation, and 
therefore of foam formation, to two general factors: (1) viscosity, and (2) 
low surface tension of the liquid from which foam originates. Since many 
liquids possessing high viscosity and low surface tension do not form sus- 
tained films or foams, many mobile aqueous solutions with a surface ten- 
sion nearly equal to that of pure water are capable of foaming.^® This 
assumption has proved unsatisfactory. Tickell observed that gas bub- 
bles liberated from oil upon release of pressure formed a foam. An 
impure substance containing capillary-active and emulsifying constituents 
having low surface tension and high viscosity fulfills the requirements for 
foam formation, according to this investigator. Tickell assumed that low 
surface tension is necessary for tlie development of a broad foam surface. 
Since the capillary-active constituents of an impure complex substance, 
such as petroleum, may concentrate in the surface films, this condition 
is satisfied in the case of oils. 

The question concerning the distribution of a substance between a 
solvent and its surface layer has been discussed by Thomson®^ and 
Ramsden.**® Zawidski measured aqueous acid solutions to which a suf- 
ficient percentage of saponin had been added to insure a stable foam on 
shaking. He proved that the composition of the solution differed from 
that of its surface layer, the concentration of the saponin in the surface 
layer being greater than that in the interior of tlie solution. This fact 
agrees with the viscosity and tension relation of aqueous saponin bubbles 
investigated by Plateau. Under similar experimental conditions, the ratio 
of concentration of saponin in the foam to that in the solution is not con- 
stant. When air is led through an aqueous saponin solution and the foam 
formed is removed after a certain interval of time, the solution ceases to 
produce foam, while the foaming ability is definitely increased in a con- 
densed foam ; therefore, it is apparent that all the saponin is carried away 
by the foam. Zawidski ascertained this phenomenon by refractometric 
measurements. He also observed a second phenomenon, namely, that 
when alcohol is added gradually to an aqueous solution of saponin a cer- 
tain point is reached at which the ability to form foam on shaking is 
destroyed. Zawidski explained this phenomenon by stating that alcohol 
diminishes the surface tension of water much more than that of saponin. 
This phenomenon of destroying the ability to form foam was also observed 
when solutions of isobutyric acid were added to water, thus greatly dimin- 
ishing its surface tension. Even a large addition of saponin did not pro- 
duce a stable foam in this case, but a stable foam was obtained by 
neutralizing the acid with a base. 
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On the other hand, it was found that if a capillary-active substance 
was added to a certain foaming liquid like soap, its ability to foam was 
maintained if the capillary-active substance had the property of forming 
surface films or skins. 

Boundary heterogeneity. Shorter ascribed the foaming ability of a 
liquid to the existence of a surface pellicle which was thought to be 
formed from the dissolved substance. This most fruitful idea "of the 
heterogeneity of the surface layers of a solution was treated theoretically 
by Gibbs. He proved from thermodynamic considerations that if the 
addition of a solute lowered the surface tension of the solvent, the solute 
existed in a higher degree of concentration in the surface layers than in 
the solution. The decrease in the surface tension is nothing more than 
positive adsorption and excess concentration in the surface toward the 
solution: 

c dff 
RT dc 

where c denotes the concentration of the solution, R and T are constants, 
and d<r is the surface tension decrease. 

This deduction of Gibbs was verified by a number of investigators. 
Lewis measured the surface excess of various solutes in the case of the 
interface between various solutions and hydrocarbon oils and found in 
nearly all cases that the measured excess was very much larger than the 
theoretical value. Thus in the case of a solution of sodium glycocholate 
the measured surface excess was found to be 5.4 x 10’® g per sq cm, 
while the theoretical value was 7.0 X 10 ® g per sq cm. Shorter explained 
this discrepancy as follows: Gibbs’ theory is applicable to cases in which 
the process of formation of the surface layer is a simple reversible effect, 
whereas Shorter’s experiments on surface layers formed by solutions of 
saponin, peptones, and albumin showed that the process is thermodynami- 
cally irreversible, and therefore beyond the scope of Gibbs’ theory. 
Bartsch’s investigations showed that the maximum of foam-forming, 
surface-active substances depends considerably on the abrupt drop in the 
concentration, and that this does not apply to skin-forming substances. 
Surface tension-concentration curves of aqueous solutions for surface- 
active substances revealed that the foam-forming concentration coincides 
with the interval of the steep part of the curve; and, conversely, the steep 
part of the curve indicates that a concentration excess in the Gibbs layer 
is relatively large for these concentration intervals. This maximum for 
foaming ability is reached for aqueous surface-active substances when 
the concentration difference in the boundary layer has a maximum value. 
In the case of skin-forming substances, the concentration excess in the 
Gibbs layer, as a result of gel formation, is considerable, and the concen- 
tration drop between the layer and the solution is very steep. 

Regarding the structure of the Gibbs layer at the maximum of foam 
formation, two cases deserve consideration: (1) When concentration is 
infinitely small, the Gibbs layer is composed of water molecules. (2) 
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When concentration is infinitely large, ie., saturated, the Gibbs layer 
consists of molecules of surface-active substances. 

These two extremes, in which the boundary layer is homogeneous with 
reference to the types of molecules, do not induce foaming. In all inter- 
mediate cases, in which this layer is made up of two types of molecules 
and is therefore heterogeneous, foaming occurs. The foaming ability of 
very dilute or very concentrated solutions having homogeneous boundary 
layers is small because in the first, water molecules, and in the second, 
surface-active molecules, predominate. Thus the foaming ability increases 
when the boundary layer becomes heterogeneous.^ From this standpoint, 
the addition of a second surface-active substance makes the foam less 
stable. When this addition causes an increase in surface-active molecules 
in the boundary layer due to the presence of water molecules, the second 
substance increases the homogeneity in relation to the molecules of the 
surface-active substance already present and as a result of which the 
foaming ability decreases. 

The decrease in foaming in the case of high molecular members of the 
homologous series with increasing tendency toward colloidal solubility is 
explained by smaller heterogeneity due to the formation of large homo- 
geneous molecular aggregates. The molecularly dispersed members of the 
series have a greater heterogeneity in the Gibbs layer than the correspond- 
ing members which are partially colloidally dissolved. From this view- 
point, solutions of surface-active substances foam better the more abrupt 
the concentration drop between the Gibbs layer and the solution, as men- 
tioned previously, and the more heterogeneous the Gibbs layer involved.^® 
High surface activity, low molecular solubility, and homogeneous boun- 
dary layers favor abruptness in the concentration drop.® Only in inter- 
mediate members of the homologous series do both conditions exist. 

With respect to colloidally soluble organic liquids, like oleic acid, tur- 
pentine, etc., it is assumed that only those capable of spreading on a water 
surface act as foam formers. The velocity of spreading is not parallel to 
the rate of surface increase in the formation of homogeneous layers; 
therefore there is no possibility of the formation of homogeneous layers, 
and the foam walls consist of heterogeneous boundary layers (molecules 
of water and organic substances) . 

Iliin,®"^ discussing adsorption and superficial energy at the boundary 
of various phases, points out that a substance dissolved in water is called 
active when a slight change in its concentration (c) greatly changes the 
surface tension at the air/solution boundary, and that the measure of the 
activity of the dissolved substance taken in the sense of surface tension 
(surface activity) is expressed by the equation: 

d(T 

^ ~ Be 

Neither the activity of an adsorbent, nor the activity of a dissolved 
substance is involved in Iliin's concept, but only the mutual phase 
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activity of two or more phases at their boundary. As activity, the gra- 
dient of certain energy effects, depending upon the change of one of the 
variables, especially concentration, is envisioned. Consequently, a gas 
which has a relatively small adsorption heat and adsorption activity at 
the same time shows great change in cr, — a great surface activity as a 
result of the difference between surface tension of the gas and the adsor- 
bent. Ramsden indicates that adsorbed molecules in a foam are held 
in direct contact with both gas and water. There is evidence that before 
adsorption becomes too great every molecule of the foam agent entering 
into the surface region is forced to the actual interface and, although still 
soluble, is retained there permanently. 

Shorter,®® in his article “On a Classification of Foaming Solutions,^’ 
states that in order for solutions to be able to form foams they must have 
a surface tension capable of local variations. This property is due to the 
existence of a pellicle called the Gibbs layer. Differences in the foaming 
nature of various solutions considered important by Shorter are not the 
same as those pointed out earlier by Plateau. Shorter’s classification of 
foam solutions is based upon two distinct points to be considered with 
respect to the foaming phenomenon: (1) the nature of the process of the 
formation of the surface layer, and (2) the manner in which the surface 
layer contributes to the stability of the liquid film. 

The process of the formation of the surface layer varies in different 
solutions. In the case of a mixture of acetic acid and water, equilibrium 
between surface layers and the solution itself is obtained readily, except 
in very dilute solutions, so that the process of the formation of the surface 
layer may be thermodynamically reversible.^^ In soap and saponin solu- 
tions, the process assumes another nature. Millner observed in solu- 
tions of sodium oleate an irreversibility of the formation of the surface 
layer. In working with solutions of saponin, peptone, and albumin, 
Shorter ®'^ showed that the formation of a surface layer proceeds for sev- 
eral weeks without indication of an equilibrium. The substance forming 
the surface layer separates from the body of the solution at a rate 
independent of the thickness of the surface layer, and continues to sepa- 
rate for some time without any sign of equilibrium. This process is 
thermodynamically irreversible, but in albumin solutions, it appears to be 
“chemically” irreversible, the film substance being insoluble in water.^® 

Shorter classifies foaming solutions into three distinct groups having 
the following characteristics: (1) Surface concentration thermodynami- 
cally reversible; superficial viscosity or rigidity absent. (2) Surface con- 
centration thermodynamically irreversible; superficial viscosity or rigidity 
absent. (3) Surface concentration thermodynamically irreversible; sur- 
face layers especially viscous or rigid. 

If the foam-producing agent is a solid body, the spreading and wetting 
factors are significant. Substances less wetted by water adsorb capillary- 
active substances from aqueous solutions more readily when building the 
Gibbs layer. Hydrophobic galena, copper pyrites, and zinc blende are 
not readily wetted, and therefore pass into foam. Quartz and feldspar 
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arc hydrophilic and, consequently, are well wetted; therefore they remain 
in the water when separated from their ores in the flotation process. 

Substances like sulfides, insoluble oxides, carbonates, carbon, insoluble 
sulfates, and metals, in fact all substances, as shown by Reinders,^** 
which attach themselves to the boundary by distribution between two 
liquids, or are completely surrounded by a liquid, may be used as foam 
agents. Reinders and Hoffman investigated adsorption through adhe- 
sion at the liquid/gas interface; the theory of these processes was devel- 
oped by De Coudres.® When two liquids come into contact with a solid 
body, one of these liquids may displace the other and surround the solid 
completely; alternately, each liquid may surround the solid partially, 
with the formation of an edge angle at the contact surface. 

In the first case we have a complete wetting by one of the two liquids; 
but in the second case only a partial wetting takes place, water/oil occur- 
ring wlien an aqueous suspension of a solid substance is mixed with a 
second liquid insoluble in water, as in the case of water/oil emulsions. 
When liquid/gas systems, instead of liquids insoluble in water, are 
involved, the gas phase is present. Wlien Water displaces the gas phase 
from the surface of the solid particles, the latter are completely wetted by 
water and no precipitation occurs. When only a partial displacement of 
the gas phase occurs, with the formation of an edge angle, the solid par- 
ticles are attracted to the liquid/gas interface and the aqueous surface 
layer floats freely. Valentiner showed that a powder may actually float 
better the larger its edge angle. 

Relationships become more complicated when a molecularly or a col- 
loidally dispersed solution comes into contact with gas in the presence of a 
surface of solid particles, such as a foam-producing agent or a stabilizer. 

Surface tensions at phase boundaries lose their characteristic fixed val- 
ues, which cause homogeneous wetting ability, and become functions of 
the concentration of the dissolved substance. The relation between 
adsorption and wetting ability was also investigated by Traube and 
Kickc,®® who found that substances which are not readily wetted by water 
adsorb caprylic acid from aqueous solutions more readily than substances 
which are readily wetted by water. The solid phase may also lose its 
foam-forming ability upon the adtlition of a substance insoluble in water 
which wets the solid phase more readily than docs water itself (chloro- 
form, for example). Further investigations of Traube and Nishizawa®® 
on the adsorption of caprylic acid on minerals showed a relation existing 
between wetting ability, adsorption, and flotation. 

The process of separating particles of finely ground ore from the par- 
ticles of gangue by flotation is an application of surface phenomena. This 
process is based on the fact that mineral sulfides, e,g,, galena, are wetted 
by certain oily liquids, but not by water, whereas particles of quartz are 
wetted by water and not by other liquids. Therefore, if the finely divided 
ore is agitated with an oil-water froth, the sulfide particles are preferen- 
tially wetted by the oil films surrounding the bubbles of the froth, while 
the quartz remains in the water phase. The sulfide particles which attach 
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themselves to the bubbles are floated to the surface by a stream of air and 
separated from the gangue particles which remain at the bottom of the 
container. Harkins and Feldman state that since the free surface 
energy of almost all inorganic solids is high, their work of cohesion is of 
the same order, and the work of adhesion is also high with reference to 
practically all liquid substances. Since the work of cohesion in water and 
organic liquids is generally low, the values of the coefficient of spreading 
of these liquids upon such solids should generally be high. Therefore, the 
spreading of these liquids should occur upon such solids when their sur- 
faces are pure. 

Among other factors, the spreading ability of liquids forming foams 
indirectly plays an essential part in determining foam formation. Briefly, 
these views of the criterion of spreading of one liquid upon the other are 
as follows: 

(1) According to Lord Rayleigh all liquids spread on pure water. 

(2) Liquid 6 spreads on liquid a if Ta is greater than Ti, —Tab, 
where Tab represents the interfacial tension between two liquids and Ta 
and Tb the respective surface tensions. Non-spreading conditions exist 
when Tfl is less than Tc — Tab- 

(3) According to Langmuir, liquids whose molecules are polar or con- 
tain polar groups spread on water. 

(4) According to Harkins, a liquid spreads if its work of surface cohe- 
sion Wo is less, and will not spread if its work of surface cohesion Wc is 
greater than its work of adhesion Wa with respect to the liquid upon 
which the spreading is to occur. 

Harkins developed a spreading coefficient by thermodynamic reason- 
ing, using two hypotheses as a basis. Only large-scale motion is of impor- 
tance in spreading and only free surface energies are involved. The free 
energy decrease is S = ya — {yb + yob) , where yab represents the free 
energy of the interface. The work of adhesion Wa is given by the equation 
of Dupre as TFo = yd + yb = yob- The work of cohesion is Wo = 2y6. 
A combination of three equations S = Wa — W^ indicates that spreading 
occurs if the adhesion between two liquids is greater than the cohesion in 
the spreading liquid. Thus positive values of S correspond to spreading, 
and negative values to non-spreading. In general, Harkins assumes that 
the value of the coefficient increases as the electromagnetic field around 
the molecules becomes more asymmetrical. This is because the work of 
adhesion toward water is greater in the case of asymmetrical molecules 
than when symmetrical molecules are involved. This excess work of 
adhesion of asymmetrical molecules toward water may find its explana- 
tion in the rupture of very strong electromagnetic fields, whereas in the 
case of separating water molecules from water only the weakest fields 
are ruptured. It is evident from the above that spreading of liquids in 
the process of foam formation becomes an important factor, especially 
when solid agents participate in the production of a foam system where 
forces of adhesion and cohesion come into play. 
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Conclusions 

(1) Capillary-active substances promote foaming at a definite con- 
centration. 

(2) An abrupt drop between the concentration of the boundary layer 
and the solute is a requisite for foaming. 

(3) The relation between the solubility and the surface activity of a 
foamer determines whether it is strong or weak. 

(4) Foaming, as a rule, occurs only in the case of a heterogeneous 
Gibbs layer. 

(5) Colloidal solubility does not favor foaming. The formation of 
large molecular aggregates interferes with the principle of heterogeneity. 


Table 1. Stability of Foams According to Observations of Plateau 

Siihstance 


Stability 

Experunental Conditions 

1 

r ^ 

Class I 
seconds 

Atmosphere saturated with vapor 

Distilled water < 

1- 12 

s(*conds 

Atmosphere dried with sulfuric 
acid 

1 

Glycerol 

L 

- 2 

seconds 

Sulfuric acid 

1- 2S 

seconds 

Atmosphere dry 

Nitric acid 

- 1 

second 

Atmosphere saturated with vapor 

Ammonium hydroxide* 
Saturated solution of 
tartaric acid 

1-142 

seconds 

Atmosphere saturated with vapor 

Potassium nitrate 

- 6 

seconds 

Atmosphere saturated with water 

j 

r - 26 

seconds 

vapor 

Atmosphere saturated with water 

Sodium carbonate < 

1 

1 1-30 

seconds 

vapor 

Atmosphere dried with calcium 

Olive oil 

1 

0- 7 

Class II 
seconds 

chloride 

Lactic acid 

1- 18 

seconds 


Acetic acid 

0- 8 

seconds 

Atmosphere saturated with vapor 

Turpentine 

1- 6 

seconels 


Benzene 

Maximum -12 sec- 



onds 


Class III 


Marseille soap 

Domestic soap 

Potassium colophanc 
solution 

Saponin solution 

Albumin solution 

Ferric acetate 


30 seconds-2 hours 

5- 14 seconds; col- Atmosphere saturated with vapor 
orless phase of 
water vapor ; stable 
about 90 minutes 

10- 30 minutes 

25- 40 minutes; col- 
orless phase; max- 
imum stability, 12 
hours 

Many hours ; color- 
less phase; stabil- 
ity may be several 
days 

15-30 seconds; col- 
orless phase; max- 
imum stability, 
about 24 hours 
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(6) The Gibbs layer in foam systems may differ with respect to the 
establishment of a state of equilibrium. A distinction is made between 
thermodynamic and chemical irreversibilities. 

(7) The wetting and spreading factors are especially emphasized if 
the foamer is a solid. Substances less wetted by water adsorb capillary- 
active substances from aqueous solutions to a greater degree. 

The Stability of Foam Systems 

Although foam systems are closely related in their properties to emul- 
sions, they differ greatly in their stability. The life of foams is short in 
comparison with the life of emulsions. Foams are rather labile formations 
because in other dispersion systems a true static equilibrium is possible — 
the kinetic energy of molecules creates a considerable opposing action. 
This kinetic resistance is absent in foam systems. 


Maximum Foam Duration for Various Substances 


Table 2. 


Aqueous Solutions of 

Propionic acid 
Lactic acid 
Propyl alcohol 
Glycol 
Glycerol 
Cane sugar 

Ethyl alcohol 
Propyl alcohol 
Isobutyl alcohol 
Isoamyl alcohol 
ieri.-Amyl alcohol 
Heptyl alcohol 
Octyl alcohol 

Formic acid 
Acetic acid 
Propionic acid 
Butyric acid 
Valeric acid 
Caproic acid 
Heptylic acid 
Caprylic acid 
Nonylic acid 

Ethylamine 

Aniline 

?3-Toluidine 

Phenol 

Benzyl alcohol 
m-Cresol 
Nitrobenzene 
Benzene 

Acetald oxime 

Paraldehyde 

Acetone 

Methyl propyl ketone 
Ethyl propionate 


Optimum 

Maximum Foam 

Concentration 

Duration 

(moles per liter) 

(seconds) 

0.26 

11.0 

1.00 

7.5 

034 

11.0 

6.00 

1.5 

6.00 

3.0 

0.50 

0.5 

0.28 

5.0 

0.34 

11.0 

0.09 

12.0 

0.036 

17.0 

0.034 

10.0 

0.0007 

8.0 

0.0003 

5.0 

0.45 

4.0 

0.20 

8.0 

0.25 

11.0 

1.00 

18.0 

0.015 

9.0 

0.0075 

13.0 

0.0015 

16.0 

0.00025 

12.0 

0.00007 

5.0 

0.40 

12.0 

0.10 

11.0 

0.04 

6.0 

0.10 

12.0 

0.10 

10.0 

0.025 

9.0 

0.005 

6.0 

— 

0.2 

0.37 

10.0 

0.03 

9.0 

0.50 

2.5 

0.05 

3.0 

0.01 

2 A 
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Table 3. Maximum Foam Duration for Various Substances 


Aqueous Solutions of 

Maximum 

Foam 

Duration 

(soconds) 

Concentration 
nt Maximum 
Fonm Duration 
(mole per liter) 

Surface Tension 
of Solutions at 
Maximum Foam 
Duration 
(dsmes) 

Ethyl alcohol 

5 

0.28 

66 

Propyl alcohol 

11 

0.32 

56 

Isobutyl alcohol 

12 

0.09 

56 

Isoamyl alcohol 

17 

0.036 

54 

tert.-Amyl alcohol 

10 

0.034 

61 

Heptyl alcohol 

8 

00007 

68 

Octyl alcohol 

5 

0.0003 

64 

Formic acid 

4 

0.45 

70 

Acetic acid 

8 

020 

69 

Propionic acid 

11 

0.25 

61 

Butyric acid 

18 

1.0 

33 

Valeric acid 

9 

0.015 

64 

Caproic acid 

13 

0.0075 

57 

Heptylic acid 

16 

0.0015 

60 

Caprylic acid 

12 

0.00025 

66 

Nonylic acid 

5 

0.00007 

70 

Benzyl alcohol 

10 

0.1 

59 

m-Crcsol 

9 

0.025 

62 

Aniline 

11 

0.1 

62 

p-Toluidine 

6 

0.04 

63 


On the other hand, combined with a much greater surface increase, 
foam formation greatly opposes the tendency of the system to reach a 
stable state by diminution of the surface, with a resulting decrease in 
surface tension. But this surface tension decrease is subjected to lasting 
changes in time, and this is the cause of its having a dynamic, not a static, 
equilibrium. 

The work of Plateau contains experimental data with respect to the 
duration of foams from various foaming solutions; these are summarized 
in Table 1. 

Recently the relation between foam duration and surface activity was 
studied; the results showed that an increase in foam duration is parallel 
with an increase in surface activity.® This was the case with fatty acids 
up to butyric, and with alcohols up to isoamyl. Maximum foam duration 
for fatty acids and alcohols is presented in Tables 2 and 3 (experiments by 
Bartsch). The surface tension of aqueous solutions compared by Bartsch, 
using a concentration corresponding to the maximum foaming ability as a 
criterion, shows great deviations accounted for by isocapillarity of the 
surface-active substances. 

Factors in the Stabilization of Foam Systems 

With regard to factors influencing the permanence of a foam, a simi- 
larity to emulsions is evident, although the degree of stability is less. 

The following factors govern the conditions under which an emulsion 
system becomes stable, namely, low inter facial tension, optimum concen- 
tration, viscosity, behavior with electrolytes, action of protective colloids, 
presence of a foam agent, existence of a Gibbs adsorption layer and its 
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thickness, and lastly orientation of molecules in the foam interface. There 
is also a certain peculiarity in the behavior of foam systems, as compared 
with emulsions, which may be attributed to their difference in character. 
As mentioned above, from a purely thermodynamic standpoint it follows 
that foams cannot be as stable as emulsions. Electrical forces contrib- 
uting to the stability of emulsions are not so important in the case of 
foams, where capillary forces apparently play a greater part. The dis- 
persion factor does not act in the same direction in foams as in emulsions. 

Foam systems may be differentiated as follows®: 

(1) Those originating by shaking water and surface-active organic 
substances (two-phase foam systems). 

(2) Those obtained by shaking emulsions of organic substances, as 
well as lyophilic foams (three-phase foam systems) . 

(3) Those systems in which the foam agent is a colloidally dissolved 
phase and acts as an integral part of the dispersion medium in the foam 
system, so that it cannot be distinguished from two-phase foams in which 
the molecularly dissolved foaming agent is also an integral part of the 
dispersion medium. 

(4) Those in which a solid phase is present occurring as an indepen- 
dent component of the system and in macroscopic quantities similar to the 
gas phase. 

To comprehend the measurable stability of foam systems, those sys- 
tems must first be considered in which the foam agent is present as an 
electrolyte, molecularly or colloidally dispersed, as a protective colloid, 
or as a solid foam former. In this regard a certain analogy may be drawn 
between foams and emulsions. Permanent foams, as well as permanent 
emulsions, under ordinary conditions of temperature and pressure are 
obtained by using foaming and emulsifying agents. Further, the degree 
of stability of a foam depends upon the nature of the components par- 
ticipating in the system and whether or not foam originates by shaking 
solutions of lyophilic or lyophobic substances. While the first foam sys- 
tems are more stable and less sensitive to added electrolytes (analogous 
to lyophilic sols) , the lyophobic substances render the foams unstable and 
are very sensitive to electrolytes. 

The influence of electrolytes. Lyophilic foams have more outstand- 
ing properties, such as viscosity and elasticity, and the influence of elec- 
trolytes is so small that in most cases it cannot be proved. This phe- 
nomenon is explained by Bartsch by the fact that the foam walls of these 
systems consist not of the sol, but of the coagulated sol or gel of the 
lyophilic colloid, as shown by Ramsden and others. The dispersion 
medium is in a rigid or semi-rigid state, which acts opposite to the change 
in dispersion so that no precipitation by electrolytes may be expected. 
Such foam systems may be sensitized by means of surface-active sub- 
stances. Bartsch proved experimentally that foam formed by shaking a 
0.001 per cent saponin solution, after the addition of 0.5 per cent of iso- 
amyl alcohol, was found to be sensitive to electrolytes. The behavior of 
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unstable foams with respect to electrolytes is similar to that of lyophobic 
sols. The only difference is the time of stability; lyophobic sols are stable 
when compared to lyophobic foams. The speed of coagulation caused by 
mechanical changes occurring in foam walls is frequently so high that it 
exceeds the speed of precipitation by electrolytes. Some of these foams 
arc sufficiently permanent that they undergo only coagulation induced by 
electrolytes. Foam duration is usually expressed in the number of sec- 
onds from the moment of interruption of shaking of the foam-forming 
liquid to the complete disappearance of the foam formed. Bartsch inves- 
tigated foam systems of amyl alcohol, quinoline, turpentine, and eucalyp- 
tus oil. The similarity between lyophobic sols and lyophobic foams is 
obvious from an investigation of the influence of hydroxyl ions on the 
stability of foams. Hydroxyl ions were found to increase considerably 
the stability of foam systems, and to decrease the number of foam 
bubbles, increasing the degree of dispersion of the gas phase. On the 
other hand, hydroxyl ions had a peptizing effect upon the foam system, 
but this action was limited by the degree of concentration. Bartsch's 
investigation proved that the duration of a foam formed from an isoamyl 
alcohol solution was decreased from 18 to 15 seconds by the addition of 
the following concentrations of electrolytes: 


Electrolyte 

Millimoles pt>r Li 

NaOH 

30.0 

NaCl 

* 1.0 

Na2S04/2 

0.8 

H.SO 4/2 

0.04 

BaCIa 

0.05 

AlCIa 

0.0005 


The stability threshold displacement for various electrolytes is pro- 
nounced. 

Potassium carbonate and potassium citrate were found to be excellent 
peptizers. Although peptizing action is also a function of concentration, 
Wiiitney and Straw found that for peptizing emulsions the favorable 
concentration lies between 0.2 and 80 millimoles per liter; foam systems 
show an optimum action at concentrations of 0.1 to 10 millimoles per 
liter. 

The action of protective colloids. Further analogy between lyophobic 
foams and lyophobic sols is found in their behavior with respect to the 
action of protective colloids. The influence of protective colloids upon 
the stability of foam systems has also been discussed and proved experi- 
mentally by Bartsch. Lyophobic foam systems may be protected from 
the precipitating action of electrolytes by protective colloids. The actual 
concentration of the protective colloid in a foam system is doubtful and 
differs from that of the starting solution. On account of the decreasing 
surface tension, lyophilic colloids gather at the boundary surface of the 
solution. The presence of these substances in a foam is shown by an 
increase in its stability. Approximately equal proportions of various 
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protective colloids arc necessary to increase foam duration to the same 
extent. Bartsch found that the lower the concentration, the more surface- 
active is the protective colloid. Very strongly surface-active substances 
show an extreme deviation (Refer to Table 12 in the paper by Bartsch . 
The relative protective number for foams with respect to the sequence 
of the protective action was found to be in complete agreement with that 
of gold numbers for the same protective colloids. A protective colloid 
may act on a foam system in a direction opposite to the one mentioned 
above. Since precipitation in the interface is considered a fundamental 
condition for the formation of a three-phase foam system, it seems reason- 
able to assume that those protective colloids which prevent this precipita- 
tion make the formation of three-phase foam systems impossible. The 
protective colloids at certain concentrations completely displace the solid 
phase from the foam system, and in this case an unstable two-phase foam 
system is formed instead of a three-phase. The alternative explanation 
favored by Bartsch is that a stable two-phase system develops when the 
protective colloid is present in the solution in a high enough concentration, 
because protective colloids themselves are able to build up a stable two- 
phase foam system. Flotation practice makes use of this phenomenon in 
determining the behavior of various ores against certain protective col- 
loids by measuring the weighed amounts of the corresponding ores which 
may still be adsorbed by the foam at equal concentrations of the colloid. 

Viscosity as a factor in the stabilization of foam systems. Bartsch 
also worked out the idea of increasing the stability of foams by adding 
substances to increase the viscosity. He carried out experiments with 
isoamyl alcohol solutions to which various percentages of glycol and 
glycerol were added. The result was that only very high concentrations 
of about 60 per cent increased the stability markedly. This was explained 
by the action of the “removal law’' of Michaclis and Rona,^** according to 
which glycerol or glycol was partially removed from the foam walls by 
the presence of surface-active substances. A soap-saponin solution may 
serve as an example of the “law of removal." In this case, the soap solu- 
tion has a lower surface tension than the saponin solution, and this results 
in the removal of soap from the interface by saponin. The fact that a 
saponin solution loses its ability to form a stable foam on the addition of 
alcohol may be partially explained by the same removal process; but, on 
the other hand, it is essential that saponin be really soluble in alcoholic 
solutions and that it does not form skins. 

Quincke was the first to describe the peculiar phenomenon that 
ethyl ether, present even in small amounts in the surrounding atmosphere, 
destroys the foam of a good foaming liquid. Again, the capillary-active 
ether removes the foam agent in the liquid. The skin-forming, abnor- 
mally adsorbed substances, such as soap, saponin, lyophilic foam agents 
(albumin and gelatin), the adsorption of which is not influenced by 
capillary-active substances taken in minute amounts, may increase con- 
siderably the stability of isoamyl alcohol foam ; 0.(X)0001 per cent of soap 
increases the foam stability twofold, whereas 0.(X)1 per cent of gelatin is 
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required for the same action. This depends on the surface activity of the 
corresponding substances. Stability also depends to a certain extent on 
whether the foam contains large or small bubbles, and whether the bub- 
bles are clastic or rigid. Certain substances added to a foam-forming 
solution not only increase tlic stability by increasing the viscosity, but 
impart a certain elasticity by softening the interface skins, thereby pre- 
venting the coalescence of bubbles in a foam. 

Boys® reports an experiment in which one drop of a soap solution 
added to 30 g of a saponin solution was sufficient to prevent the rigidity 
of saponin bubbles. On the addition of three drops, the surface skin 
became movable and clastic, as in the case of pure soap solutions. 
Glycerol added to a soap solution induces foaming, increases viscosity, 
and, at the same time, assists in the formation of soft and flexible skins. 
Therefore, the behavior of saponin solutions with glycerol resembles that 
of pure soap solutions. Elastic foams and those with large bubbles appear 
to be more stable. It is probable that an explanation for the stability of 
durable foams as, for example, those produced by the sea, by beer, or by 
aqueous solutions of saponin and soap, must be sought partially in the 
formation of very viscous, semi-rigid or gel-like membranes at the inter- 
face. Wheat gum used in the beer industry, as well as other dextrin- 
like substances, acts like glycerol, increasing the viscosity and producing 
softer and more elastic skins. That the various degrees of stability of a 
foam often depend on the properties of the bubbles forming the foam has 
been proved. Whether the bubbles are clastic or rigid depends chiefly on 
the nature of the films. Soap solutions arc distinguished by the formation 
of very elastic bubbles, which show a smooth, flexible surface. On the 
other hand, bubbles of saponin solutions are much more rigid; when a 
bubble collapses, a pleated sac is observed. The difference between the 
clastic lamina of soap and the rigid type of saponin becomes evident from 
the rearrangement in colors which takes place with a continuous change 
in the thickness of the lamina. In saponin foams, the laminae are so 
rigid that certain color spots arc retained unaltered upon a given lamina. 
In the tendency toward equilibrium, some laminae burst or unite to form 
new ones. But still the history of the laminae in question may be read 
from these invariable color spots. 

The action of finely divided solids. While the behavior of gas/liquid 
and liquid/liquid systems in themselves is evidently different, neverthe- 
less certain analogies are found. Both emulsion and foam systems may 
be stabilized, not only with agents which are molecularlv or colloidally 
dissolved, but with finely divided solids, first applied by Pickering to 
emulsion systems. The latter may replace solutions in the interface and 
build up a boundary layer to increase the stability of these systems. 
Donnan,^^ speaking of the stability of foam, states: *Tf air is violently 
churned up with water, only comparatively large bubbles are produced 
and these quickly rise to the surface and burst. If a very small amount 
of a substance which concentrates at the air/watcr interface is added, an 
almost milk-white air emulsion of small bubbles is produced which rise to 
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the surface and produce a relatively durable froth.” According to Lord 
Rayleigh,®^ who discussed this phenomenon, it is clear that diminution of 
interfacial tension facilitates the subdivision or the dispersal of air. The 
existence of the surface layer imparts a certain amount of stability to the 
resulting foam, since it gives rise to forces which resist the thinning of 
a bubble wall. Any sudden increase in the surface produces a momentary 
diminution in the concentration or thickness of the interface layer and 
hence an increase in surface tension, which persists until the normal 
thickness or concentration is readjusted by diffusion of molecules from 
the inside volume — a process which in very dilute solutions occupies a 
perceptible time. That this explanation of Lord Rayleigh is correct, says 
Donnan, may be seen from the fact that very often stronger solutions of 
the same surface-active substance would not foam at all. In this case 
the readjustment of the equilibrium thickness or concentration in the 
gas/liquid interface occurs with such rapidity that practically no rise in 
surface tension, and hence no counteracting force, comes into play.”^ On 
the other hand, in the case of higher concentrations, aggregates of gas 
bubbles and solid particles can no longer be formed by shaking, because 
the interfaces thus formed arc already occupied by molecules of the 
surface-active substance. 

Dynamic equilibrium ^ established between the speed of formation of 
the adsorbed layers of the foam-forming agent or stabilizer at the solid/ 
liquid boundary on one side and the speed of such layer formation at the 
gas/liquid interface on the other side determines to a certain extent the 
stability of this three-phase foam system in the case of higher concentra- 
tions of the foam agent. As has been demonstrated in the experiments of 
Hoffmann and others, small solid particles may contribute to the stabi- 
lization of a froth or foam, as in the case of the mineralized frothers or 
the ore flotation process by the preferential aggregation in the interface 
between two phases. Bechold, Dedc, and Reinders^ state that solids 
prevent coalescence of bubbles in foams, as well as in emulsions. Solids 
prevent coalescence of droplets, thus increasing the stability of a system. 
The degree of dispersion of the solid was found to be of even greater sig- 
nificance in foam systems than in emulsions. Substances in a very fine 
degree of division increase the foam stability much more than substances 
of a coarse grain division. There is an optimum dispersion of the solid 
phase for the stabilization action between colloidal and coarse division.^ 
For example, when lead glance which has been passed through a 900-2500- 
mesh sieve is used as a foam agent, it increases foam stability to 60 sec- 
onds; when lead glance which has been passed through a 9000-i2,000-mcsh 
sieve is used as a foam agent, the life of the foam formed is increased to 
several hours. Further, the proportion of the stabilizer, whether it is a 
liquid acting as a foam-former or a solid, is decisive for the formation of 
a stable foam. The magnitude and stability of aggregates of gas bubbles 
and solid particles arc determined by the concentration of the foam agent, 
and the nature and affinity of the foamcr and the solvent for the solid 
phase. 
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Forces Involved in Maintaining Stability 

Electrostatic and capillary forces. Among the forces involved in 
maintaining the stability of a foam system are electrostatic and capillary 
forces. Concerning the nature of forces producing an attraction between 
solid particles and a gas, it is known that all components of a three-phase 
foam system are charged with electricity of the same sign, gas bubbles 
being cliarged negatively against water; therefore stability depends on 
the valence and the adsorption ability of the cations. The electric influ- 
ences are indirect rather than direct, and seem to determine only which 
boundary phase the particles may enter and the degree to which they 
may coagulate and change the structure of the foam. The charge of the 
gas phase may be determined by the indirect method, using the ion pre- 
cipitation series of colloid chemistry. Cations induce precipitation in 
various foam systems, according to their valence, and these systems have 
been found to be negatively charged. Bartsch determined the charge on 
a gas bubble in a foam system, but the potential drop at different boun- 
daries in the system has not been proved. It is still undecided whether 
electrokinetic potentials or phase boundary forces are involved. Where 
gases are concerned, the balloelectric effect should be considered. The 
fuzzing effect of Lenard is based upon a similar phenomenon funda- 
mental to balloelectricity. A balloelectric effect occurs when gas bubbles, 
pass through a liquid and then leave the surface. The electric energy 
from the double-layer reaches the gas phase and gives it a certain charge. 
Ballueiectricity implies streaming potentials, but in this case the charges 
at the boundary of the liquid (gas) move readily; therefore, not a dis- 
placement, as in the case of streaming potentials, but rather a destruction 
of the double-layer by the tangentially-acting mechanical forces takes 
place, and the electricity carried by both layers (external and internal) 
reaches the gas. The gas phase was found to be negative, while electro- 
lytes, acids, and certain active substances ® produce a change in the charge 
even for small concentrations. In general, electric influences in foam sys- 
tems have not as yet been thoroughly investigated. 

Taggart studied the changes of the potential under the influence of 
electrolytes. He permitted a small gas bubble to migrate cataphoretically 
around the longitudinal axis of a rotating glass cylinder between two 
electrodes and determined the direction of migration and its speed under 
various conditions. He found that the gas bubble in pure water was 
charged negatively. The velocity of air, oxygen, and hydrogen spheres 
in water was found to be about 4 X 10“* cm per second per volt per centi- 
meter. The presence of hydrogen ions decreased the boundary phase 
potential to zero without a change in the sign of the charge. Tri- and 
tetra-valent cations caused a change in the sign of the charge. A sphere 
of gas in a solution was found to change the sign of its charge as it dimin- 
ished in size by being adsorbed into the solution. Surface-active sub- 
stances decreased the cataphoretic speed according to Traube's rule. In 
general, interfacial potential differences are of great importance and play 
a fundamental part in determining the stability or instability of the col- 
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loidal state of matter. In the case of foam interfaces, potential differ- 
ences are not perhaps of such great importance, but since very little work 
has been done in this direction, our opinions as to the importance of tliis 
factor must be held in abeyance. 

It has been shown only in the case of an air/water surface that an 
electric separation or potential difference exists in the interface layer, 
and that certain substances can produce pronounced variations or even 
reversal in sign of this electric double-layer. There may be a possibility 
for direct measurement of the potential drop between single phases of a 
foam system using the Haber-Klementschewitch glass electrode. The 
influence of charge upon attraction between components of a foam sys- 
tem is marked only in case other forces, such as capillary forces, are 
weak. The fact that gas bubbles adhere to solid particles in spite of 
electrostatic repulsion of the components indicates that the more powerful 
capillary forces participate to a great extent in maintaining permanence. 

The coalescence of two drops takes place at the boundary partition, 
where a diminution of surface occurs and where capillary forces origi- 
nate, which tend to tear apart these boundary sections and to counteract 
their coalescence. Capillary forces act against molecular attraction — a 
cohesion between molecules when molecules of the same kind are present 
and an adhesion when different ones are involved. These forces existing 
between molecules of similar and different natures, more than the electric 
elementary forces, must be considered in the case of three-phase foam 
systems. 

Talmud and Suchowolskaja,®^ in their investigation of elementary 
foams, pointed out that stability depends rather on the degree of hydra- 
tion, and that the slipping velocity of the water layers in the walls of 
laminae is a determining factor in stability because substances stabilize 
before the adsorption layer is obtained. 

The adsorption layer in the interface of a foam system and its thick- 
ness as a factor influencing stability: the Langmuir-Harkins orientation 
theory. As in the case of emulsion systems, so in three-phase foam sys- 
tems — for example, amyl alcohol, solid agent (foamer), oleic acid (stabi- 
lizer) — a relationship appears to exist between stability, the presence of 
an interfacial layer, and its thickness. 

Adsorbed molecules are held in direct contact with both gas and water 
in a foam system. Some adsorption surfaces are extremely viscous or 
even rigid (saponin and nearly all proteins), and the adsorbed particles 
are in mutual contact. Others are freely mobile (quinine and soaps) , and 
the particles are either more widely spaced or so oriented that only cohe- 
sion between liquids comes into play. In many cases where adequately 
permanent bubble films are obtainable, the interference colors developed 
as the film becomes thinner are disposed in horizontal bands when the sur- 
faces are mobile, but chaotically disposed when the surfaces are rigid. 

It is known that gases or vapors can be condensed or adsorbed by solid 
and liquid surfaces. The question arises whether the formation of pri- 
mary monomolecular films ever occurs in such cases. Langmuir mea- 
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surcd the adsorption of a number of gases at low temperatures and pres- 
sures on defined surfaces of mica and glass and concluded that the 
maximum quantities adsorbed are always somewhat less than the amounts 
to be expected in a monomolccular surface layer. Carver found similar 
results measuring the adsorption of toluene vapor on known glass surfaces. 

This view that the maximum adsorption from the gas phase cannot 
exceed a monomolecular layer has, however, been much criticized. Thus 
Evans and George, on the basis of their own measurements of the 
adsorption of gases on a known surface of glass wool combined with data 
obtained by Mulfarth,^^ concluded that the adsorption layer may be 
several molecules thick. Reference may also be made to an article by 
Wilson,’^ who deduced from the results of the adsorption of oxygen and 
nitrogen at low temperatures that these gases are held in layers several 
molecules thick. 

Another type of surface-layer formation is at the surface of liquids 
where a substance dissolved in a liquid concentrates preferably at the 
liquid/air or liquid/vapor interface. Gibbs, and later Thomson,®^ 
showed that if a dissolved substance (in relatively dilute solution) lowers 
surface tension, it will concentrate at the surface. That such a phenome- 
non actually occurs in foam has been demonstrated qualitatively in the 
experiments of Hall,^® Zawidski,"^^ and Kendrick and Benson. If various 
experimental values are considered, evidence is produced that they are 
not materially different from those found by Langmuir and Adams for 
the oriented monomolecular layer of practically insoluble fatty acids 
resting on the surface of the water. Harkins’ theory, regarding mono- 
molecular films produced on water, points out that these films occur only 
when the spreading coefficient has a relatively high value. Since these 
high values result only when the spreading substance contains a. polar 
group in its molecule, the presence of such a group is essential to a mono- 
molecular film for spreading on water, but not at all essential for the 
formation of a thicker film, Donnan explained the fact that the thick- 
ness values in some cases are greater by the partially or completely 
vaporized state of the adsorption layers. 

Adams and Marcelin ^ made the important discovery that the mono- 
molecular surface films which they investigated may pass rapidly, on 
increase in temperature, from the state of solid or liquid surface films to 
the state of vaporized surface films in which the “juxtaposed” molecules 
become detached from one another and move about with a Brownian or 
quasi-molecular motion. These investigators attributed this behavior to 
the thermal agitation of the water molecules to which they were attached. 
Bartsch first emphasized the fact that the stability of three-phase foam 
systems, analogous to three-phase emulsion systems, depends upon the 
dimensions of the adsorbed Gibbs layer of the stabilizer. He calculated 
the thickness of the adsorbed layer from data obtained for the w^eight of 
the solid phase, the specific gravity of the solid phase, and the size of the 
particle given by the degree of dispersion, and found that the adsorbed 
layer under stable conditions may run up to five to ten molecules thick 
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with a layer of galena, two molecules with copper pyrites, and five to 
seven molecules with zinc blende. 

This calculation does not consider the fact that the adsorbed surface is 
actually much larger than the calculated surface of particles because of 
possible rupture of the adsorbed surface. Also, a quantitative adsorption 
has been assumed, whereas it follows from these determinations that in 
very dilute oleic acid solutions the adsorption was relatively less than in 
concentrated solutions. Adsorption of oleic acid at the boundary surfaces 
of air bubbles was not accounted for. The stability of three-phase foam 
systems is a function of the foaming agent or stabilizer, that is, the power 
of adhesion between solid particles and air bubbles is determined by the 
adsorption layer. In order to render three-phase foam systems stable, 
the thickness of the solid layer or the oleic acid concentration should be 
such that the surface of the solid phase is covered with a layer of oleic 
acid; this surface layer has none of the properties of oleic acid as a wnole. 
Since the thickness of the layer considered was less than four molecules 
in diameter, the probability of a monomolecular layer was assumed. 
Beyond the optimum thickness, the bond between solid particles and air 
bubbles is weakened and the stability of the system decreased. Freund- 
lich,^® discussing the action of solids upon foams, explains the resistance 
ability of the foam structure against solids as follows: when a solid is 
wetted by such solutions as soaps and saponin, it is ^‘sucked^^ into the 
edge canals which are rich in liquid without destroying the structure of 
the foam externally. 

Bartsch has defined conditions for the stability of a foam, taKing into 
consideration the orientation theory of Langmuir and Harkins.'^^ 

The orientation theory postulates that molecules in the inter facial 
layer assume a definite direction. The atomic groups (carboxyl and oxy- 
amido) of a molecule rich in residual valences are so placed that almost 
complete saturation occurs in the boundary. When the boundary is not 
saturated by any residual valences, the molecule directs the most satu- 
rated atomic group to this boundary, that is, the carboxyl group of oleic 
acid is directed toward the solid phase, and the methyl group is directed 
toward the outside. When a methyl group comes into contact with a 
water/air boundary, it displaces the water molecules from the boundary 
layer because the interfacial surface tension in the presence of the methyl 
group is decreased, i.e,, the water molecules are subjected to the expelling 
influence of the carboxyl group when competing for the surface of the 
solid phase. 

The energy of the interface has a tendency to reach the lowest possible 
value, and this is the force which causes cohesion of solid particles to air 
bubbles. When only one molecular layer of oleic acid is present between 
air bubbles and solid particles, the intensity of adhesion is produced by 
the stronger forces existing between the residual valences of the solid 
phase surface and the forces of the carboxyl groups of the oleic acid. The 
latter forces are essentially greater than the forces of cohesion acting 
between the oleic acid molecules, as shown by Harkins. In the case of 



THEORY OF EMULSIONS AND FOAMS m 

octane, the entrance of an oxygen atom into the molecule increases its 
cohesion up to 2 per cent, while the adhesion to water increases the cohe- 
sion up to 65 per cent. But the oleic acid is adsorbed not only by 
the solid phase, but also by the water/air boundary, depending upon 
which of the boundaries the oleic acid molecules have been previously 
adsorbed or, in other words, upon the rate of adsorption for the two boun- 
daries. In the case of oleic acid concentrations which are high enough to 
surround gas bubbles as well as solid particles with a layer of oleic acid, 
a certain attraction is always observed. Bartsch explained this as fol- 
lows: In shaking an oleic acid emulsion with air in the presence of solid 
particles, the water/air boundary is always renewed. The rate of adsorp- 
tion of the water/air interface and the rate with which an oleic acid 
droplet spreads upon the surface of a gas bubble is less than that of 
adsorption by the solid phase. 

The Langmuir concept of spreading, in this case, is based on the 
attraction existing between carboxyl groups and the molecules of the sur- 
face of the water or the surface of the solid phase. This attraction for 
the surface of a solid phase is greater than that for the surface of water, 
bf'cause the water molecules are displaced by solid particles wetted by 
oleic acid. The difference between the rate of adsorption and the rate of 
spreading of the oleic acid at the boundaries is due to the fact that even 
at higher concentrations of oleic acid the water/air boundary is not com- 
pletely covered with a closed oleic acid layer, so that there will always 
exist a possibility of the formation of gas bubble complexes and solid 
particles. A gas, a liquid, and solid particles, held together by oriented 
oleic acid layers, comprise stable foams. 

A monomolecular layer of oriented oleic acid molecules binds the 
aqueous solution to the gas and the solid surface, as well as the gas to the 
solid surface. The relation between the thickness of the interfacial layer 
and the stability of a foam, according to the orientation theory, may be 
described thus: as a result of the tendency of the free energy of the inter- 
face to acquire the lowest possible value in the case of low concentrations, 
the intensity of adhesion between solid particles and gas bubbles decreases 
with a decrease in the number of molecules of the foamer or stabilizer 
inducing adhesion. The intensity of adhesion between solid particles and 
gas bubbles is due to saturation of groups of molecules of the stabilizer 
rich in residual valences. These valences have their origin in the boun- 
daries of the solid phase, as well as in a decrease in surface tension pro- 
duced by saturated groups of substances in the gas/liquid boundaries. 

In the case of high concentrations exceeding the optimum conditions of 
a state of permanence, the intensity of adhesion is the resultant of cohe- 
sion existing between molecules of the foamer in the adsorbed layer which, 
in this case, is made up of a considerable number of layers of molecules 
of the adsorbed substance. 

The influence of cohesion increases with the number of layers of mole- 
cules. Orientation requires asymmetrical molecules; for the most stable 
form of a system, it is necessary that it have the lowest possible free 
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energy. Therefore the molecules orient themselves in the interface so that 
the paraffin hydrocarbon chain remains in the oil, while the active polar 
group (COOH), which exercises the greatest electromagnetic force, is in 
the water. 

At the surface of the solid phase the molecules of water are subjected 
to the displacing influence of carboxyl groups; at the water/air boundary, 
the displacing influence of methyl groups toward oleic acid is exerted. 

Conclusions 

(1) Foams are labile formations with kinetic resistance lacking. 

(2) A dynamic, not a static, equilibrium is characteristic of foam 
systems. A great surface increase in foam formation counteracts stability 
with a decrease in surface tension. 

(3) The nature of the components of a system determines foam sta- 
bility; lyophilic foams arc more stable than lyophobic. 

(4) The rate of adsorption in the boundary accounts for the stability 
of foams. 

(5) Some ions may produce a considerable increase in the stability of 
foam systems, increasing the dispersion of the gas phase, whereas other 
ions act as peptizing agents. 

(6) For solid foams, foam stability increases wuth the degree of 
dispersion. 

(7) High concentrations of substances added to increase the viscosity 
of a system increase its permanence. 

(8) Certain substances possess the ability to displace foamers from 
the interface. 

(9) Certain substances, such as glycerol, have a greater influence on 
the formation of soft and flexible skins than on viscosity. Elastic foams 
composed of large-size bubbles are considered more stable than those 
composed of small-sized bubbles ; this is not in alignment with other col- 
loidal systems. 

(10) Electrostatic and capillary forces are involved in maintaining the 
stability of a foam. 

(11) The relation between the thickness of the interfacial layer and 
stability is analogous to that of emulsion systems. The Langmuir-Harkins 
orientation theory is applicable to foam systems. 

Transition to the Unstable State 

Forces Acting in the Thinning of a Film 

The interior of films composing foams is subjected to a continuous 
diminution in thickness by internal currents due to gravity and suction at 
the edges. The weight of the lamina has the tendency to make it thinner 
by forcing the molecules to slip continuously from the top to the bottom 
of the bubble. On the other hand, the liquid between two surface skins 
of a lamina moves upward very slowly following the force of gravitation. 
The friction is great because, according to Poiseuille^s law, the speed with 
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which a liquid moves in a capillary is proportional to the fourth power of 
the radius and is, therefore, extremely small in such a small cross-section. 

Liquids behave differently. Gibbs assumed that the motion of the 
liquid through which a bubble of air is rising is similar to that of a liquid 
running out from between two surfaces. This motion of the liquid may be 
greatly retarded by its viscosity as soon as the space between the two 
surfaces is reduced to the thickness of a lamina. The effect of an increase 
of the surfaces in increasing their tension becomes greater and more per- 
manent as the quantity of liquid available for supplying the substances 
forming the increased surfaces becomes less. Gibbs offers a rough esti- 
mate of the amount of motion possible in the interior of a liquid lamina 
with respect to its exterior by calculating the descent of water between 
parallel vertical planes when the motion of water is reduced to zero. He 
uses the coefficient of viscosity determined by Helmholtz and Piotrow- 
sky and obtains V = 581D-, where V is the mean velocity of water 
expressed in millimeters per second and D is the distance in millimeters 
between the fixed planes, which is supposed to be very small in proportion 
to their other dimensions. For the same temperature, the descent of water 
in long capillary tubes is V = 337D-, and for descent between parallel 
planes it is equivalent to F = 899Z)-. Gibbs draws the conclusion that in 
a film of a liquid which has a viscosity and a specific gravity not very 
different from that of water, the mean velocity of the interior relative to 
the surfaces will probably not exceed lOOOD^. This is a velocity of 1 mm 
per second for a thickness of 0.1 mm, 0.6 mm per minute for a thick- 
ness of 0.001 mm, corresponding to the interference light of red of the fifth 
order in a film of water, and 0.036 mm per hour for a thickness of 0.0001 
mm, corresponding to white of the first order. Such a small internal 
current is evidently consistent with great persistence of the film, especially 
in those cases where the film can exist in a state of the greatest tenuity. 
On the other hand, Gibbs states that the foregoing equations give so large 
a value of V for a thickness of 1 mm or 0.1 mm that a film evidently can 
be formed without drawing up any great weight of liquid, and any such 
thicknesses as these can have only a momentary existence. 

Besides the action of gravity on the interior of a film, another cause 
produces changes, namely, the edge where the film terminates. At such 
an edge, there is generally present a liquid mass continuous in phase with 
the interior of the film bounded by concave surfaces. The pressure at the 
edge is, therefore, less than that in the interior of the lamina by which its 
thickness is rapidly reduced. Unless the lamina is very viscous, its 
decrease in thickness near the edge causes a rapid upward current on 
each side, while the central portion slowly descends. These procepcs 
rapidly reduce the thickness of the film. The volatility of the principal 
component is another example of the downward tendency of the interior 
of the film. 

If in the case of a film of soap and water the humidity of the surround- 
ing atmosphere is such that the vapor pressure of water at a level between 
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the top and the bottom of the him has the same value in the atmosphere 
as in the film, then evaporation takes place in the upper portions and con- 
densation in the lower portions. These processes occasion currents of 
diffusion, the effect of which is to carry the moisture downward. In the 
event the vapor pressure of water in the atmosphere differs little from 
that in the film, the processes described would not be sufficiently rapid to 
be of importance. But in the case of a film of soap and water in a dry 
atmosphere, or a film of soap and water with glycerol in a moist atmos- 
phere, the effect of evaporation or condensation is not to be slighted. In 
the first case, decrease in the thickness of the film is accelerated; in the 
second, it is retarded. In the case of a film containing glycerol, it is to be 
expected that the condensed water will not replace the fluid carried down 
by the internal current, but that a combination of these two processes will 
tend to remove the glycerol from the film. When a component which 
greatly diminishes the tension of a film is volatile, the effect of evapora- 
tion and condensation may be considerable, even when the mean value of 
the vapor pressure for that component is the same in the film as in the 
surrounding atmosphere. Gibbs illustrates this by using two components, 
<Si and S2, and states that the vapor pressure in a film must vary with the 
weight Z, since surface tension varies, and these variations almost satisfy 
the equation: 
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yi and 72 denoting the densities of the components Si and S2 in the interior 
of a film. The variation of the potential of S2 as we pass from one level to 
another is, therefore, as much more rapid than that of Si as its density in 
the interior of the film is less. If the resistances restraining evaporation, 
i.e., transmission through the atmosphere and condensation of the two 
substances, are the same, then these processes will proceed more rapidly 
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with respect to 82^ and the values of and — — will have opposite 
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signs, the tendency of Si being to pass downward and that of S2 to pass 
upward. Moreover, the evaporation or condensation of S2 will produce a 
much greater effect than evaporation or condensation of the same quan- 
tity of Si. If condensation of & takes place at the top of the film, it will 
cause a decrease in surface tension and an cxi)ansion in that part of the 
film by which its thickness is reduced as in evaporation of Si.^*^ 


Factors Involved in the Transition to the Unstable State 

Thus the general conditions of the persistence of a liquid lamina are 
such that the substance which causes a decrease in surface tension in the 
lower parts of the film must not be volatile. Volatility influences rup- 
ture, for it is understood that when superficial molecules are lost by 
evaporation, their intrinsic cohesion must have been very small. In spite 
of the mobility of the superficial layers, little force is necessary to produce 
rupture; motion (evaporation) in the external molecules favors rupture. 
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Plateau, in his theory of foams, assumed that for a liquid to be able to 
form bubbles, develop a large film and yet be resistant, it is necessary 
that the viscosity of the superficial layers of the film be sufficiently dense 
for thinning to occur slowly. But, on the other hand, it is also necessary 
that the surface tension be relatively weak so that it cannot overcome the 
opposite resistance of viscosity. Liquids having a high superficial vis- 
cosity and a relatively strong surface tension at the same time do not 
form bubbles. Liquids with a very low superficial viscosity do not 
form bubbles because the films surrounding them may become extremely 
thin in a short time, and an external or internal factor may break them. 
The chances for rupture arc considerably less for a liquid having a low 
viscosity, as the bubbles arc larger. 

PlateaTi^s principles further indicate that the superficial layer of liquids 
has a viscosity independent of the interior mass. In certain liquids, the 
superficial viscosity is greater than the internal viscosity — sometimes to a 
considerable extent as, for example, in water and in a solution of saponin. 
In other liquids, on the contrary, the superficial viscosity is weaker than 
the internal viscosity, as in the case of turpentine and alcohol. The for- 
mation of a lamina is the result of the cohesion and viscosity of a liquid. 
When a lamina develops it progresses in this manner because it is pushed 
upward continuously by the air; hence it continues to rise. On the other 
hand, the liquid to which its edges are attracted cannot follow the lamina 
because of its weight. Therefore this liquid remains behind; but cohesion 
and viscosity interfere so that no rupture occurs between the lamina 
formed and the surrounding liquid, the lamina growing until the action 
exerted upon the outer part of the air bubble has produced its effect. 
Changes in physical conditions, such as an increase in the temperature of 
the liquid decreasing capillary pressure, cause the lamina to collapse 
under a smaller weight. The foam duration of a 0.05 molar aqueous solu- 
tion of isoamyl alcohol at 50® was found by Bartsch to be 32 per cent 
lower than that at 18®, 

When the superficial layers have a very high viscosity, molecular 
motion is difficult, and no changes occur in the film before it is affected by 
surface tension. When sufficiently energetic, surface tension disrupts the 
film. If a bubble is formed from a glycerol solution and expanded, it 
gradually changes in thickness before it ruptures. These gradual changes 
in thickness are visible macroscopically, as indicated by the coloration of 
the film. In a glycerol solution, the course of the color change is reversed, 
that is, from red to green of the last order before rupture, owing to the 
fact that glycerol adsorbs moisture from the air. The action of weight 
tends to make the film thinner; adsorption on the contrary tends to make 
it thicker. The course of color change shows that at first thinning has the 
greatest effect, but that later thickening dominates. There is an interval 
in the existence of a bubble where these two factors arc counterbalanced, 
that is, a period in which the film gains as much as it loses. If a glycerol 
solution has' a density not exceeding 1.1, it undergoes only a small 
decrease in density compensated by an increase in fluidity as a result of 
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dilution with water. Changes in density arc not the principal reason for 
this thinning. 

When the film has retained a large proportion of water, the relation 
between superficial viscosity and surface tension must be sufficiently great 
to make rupture difficult. On the other hand, because of continued 
adsorption of water vapor, the film should not become thicker in any 
phase oi its life. These two factors constitute the resistance of the l^ubble 
to rupture. Furthermore, if the ratio between superficial viscosity and 
surface tension increases, but not in proportion to viscosity, it becomes 
insufficient to maintain permanence, and the bubbles of the foam system 


collapse. This relation was indicated by Platcau^s 

experiments 

(Table 4). 

Table 4. Plateau’s 

Substance 

Experiments 

.Superficial 

Viscosity 

Film 

Tension 

Vi.scositv-Ten.sion 

Relation 

Water 

100.00 

14.60 

6.85 

Glycerol 

60.42 

8.00 

7.55 

Saturated solution of sodium carbonate 

91.14 

8.56 

10.65 

Saturated solution of potassium nitrate 

96.35 

1122 

8.59 

Saturated solution of calcium chloride 

90.62 

11.06 

8.19 

Marceille soap solution, 1/40 

94.79 

5.64 

16.81 

Domeirtic soap solution, 1/30 

96.35 

6.44 

14.96 

Potassium colophane solution (resin soap 
obtained by distillation of turpentine) 

84 89 

7.68 

11.05 

Saponin solution. 1/100 

Extremely 

8.74 

Very high (not 

Albumin solution 

high 

Identical 

11.42 

determined) 

Identical 


The thinning of a film may be due to small concave surfaces formed 
along its contour. Thinning is slower for the same contour if the film 
occupies a larger surface. In the case of equal surfaces, thinning is less. 
This thinning rate increases with the diameter; but this is not the only 
factor involved in rupture, because if it were, the resistance of bubbles 
would increase with size. Usually these two influences compensate each 
other. A film of a given dimension has the greatest resistance to rupture 
when it is attached by its contour horizontally in a plane free from evapo- 
ration, agitation of air, or vibrations produced by the liquid. Two oppo- 
site forces act in a bubble, one centripetal, situated in the colorless part of 
the film, the other centrifugal, residing in the colored portion of the film 
with a maximum in the center corresponding to the so-called “black 
spot.” * But apart from any action of the atmosphere, the interior of a 
fluid film is generally subjected to a continuous diminution in thickness 
by the internal current due to gravity and suction at the edges ; sooner or 
later the interior ceases to possess the properties of matter as a whole. 
The film then becomes unstable with respect to the thinnest parts, which 
tend to become still thinner, owing to an apparent attraction between the 

♦ The black spots never have a thickness (20-40 m/x) corresponding to the gray of 
the first order. The smallest thickness ever determined for these black spots was 
1(X) m/4 (white of the first order); ordinarily, colors of higher orders are observed 
(300 mfi). 
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surfaces of the film, discernible at its extremities, but becoming obvious 
when the thickness of the film is sufficiently reduced. 

Rupture of a film for many liquids cannot always be determined 
because it is rather sudden, and the intermediate phases of rupture cannot 
always be observed. However, there are methods for determining the 
thinning of laminae and for measuring the limiting thickness, which is a 
measure of the stability of films composing a foam: (1) by tracing the 
causes of thinning, i.c., gravity and surface tension, and (2) by observing 
the decrease in thickness produced by a centrifugal force, as shown by 
Rickenbacher.®® 

Upon a drum rotated around a vertical axis, Rickenbacher spread a 
film in a horizontal plane and observed the appearance of Newtonian 
colors, which served as a measure for the decrease in thickness. (The 
Newtonian interference colors depend upon the interference of light 
refiected from the anterior and posterior surfaces of the laminae.) By a 
comparison of the colors observed with Boys^ ® table of colors, the appa- 
rent thickness of the lamina with an angle of incidence may be determined 
(the more light reflected, the greater the angle of incidence). Boys* table 
of factors may also be used in converting apparent into actual thickness. 

The process of thinning may be observed to a limited extent in soap/ 
water films. It is apparent that a film whose coloration approaches black 
exhibits marked instability. The continuous change in color is interrupted 
only when the black spots make their appearance, spreading rapidly. 
Decomposition of soap solutions, rendering them opaque, is another rea- 
son for film rupture. Precipitation, not an expansion of the film, occurs 
during the formation of these black spots, and may be attributed to the 
film*s greater thickness at their edge. Black spots apparently are many 
times thicker than the portion of the film from which they are formed. If 
the formation of black spots were due to an expansion of the film, it is 
evident that they would not be present. The thickening of the edge of 
the film cannot be accounted for by contraction. Expansion of the upper 
part of the film and contraction of the lower and thicker part would be 
resisted less by viscosity and favored more by gravity than such expan- 
sions and contractions producing the phenomenon described. A rapid 
formation of a thin spot by an internal current would induce an accumu- 
lation at the edge of the material forming the interior of the film. 

Van der Willigen states that films of alkali solutions are rather 
unstable because the black zone is formed from the alkali portion of the 
soap. However, Plateau believes it more probable that soap itself tends 
to be removed from the solution and out of the colored part of the film. 
In a much more concentrated solution, it forms the black zone. This 
opinion is based on Newton *s experiments, which proved that dark blue 
always precedes black and is observed only when the solution contains a 
high proportion of soap. This led Plateau to assume that the difference 
in composition between the black zone and other parts of the film is small 
and the decrease in thickness gradual. The exploding force of a bubble 
is more intense the greater the proportion of water because the bubble 
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bursts sooner, disintegrating its components, while, at the same time, the 
force of contraction has been weakened to the same extent. Conversely, 
the more soap present the less the intensity and the more energetic the 
force of contraction. This is to be doubted, because the force of contrac- 
tion is surface tension, which decreases on increase in the proportion of 
soap. Leidenfrost assumed as a consequence, therefore, that the force 
of rupture originates in water and the force of contraction in soap, so that 
the resistance of the bubbles varies with the concentration of the soap. 
Gibbs pointed out that the retardation of the process by which films 
grow thinner cannot be accounted for by the formation of black spots, but 
may be attributed to a passive resistance to the motion due to the very 
viscous or gelatinous condition of the film. Also, it is unlikely that the 
formation of a stable film would occur without the support of such a 
resistance when rendered unstable during the same process by the pre- 
cipitation of its mass. On the other hand, gelatinous properties are 
marked in soap solutions containing more soap than is required for the 
formation of films. This is true to a remarkable degree in saponin solu- 
tions. In an ordinary soap solution, however, no superficial viscosity 
greater than that of pure water was found.^^ The resistance to an inter- 
nal current is not measured by the resistance to motion, and it is doubt- 
ful whether a retardation of the tendency toward an internal current 
between elements adjacent to a black spot, changing slightly in thickness 
with time, may prevent rupture of the film.^® In a thick film the increase 
in surface tension with expansion necessary for the stability of the film is 
due to the presence of an excess of soap, or its components, at the surface 
as compared with the interior of the film. 

Conclusions 

(1) A film undergoes continuous decrease in thickness before collaps- 
ing. The thinning effect is produced by the weight of the lamina, as well 
as by the difference in the pressure at the terminal edge of the film and 
its interior. 

(2) Evaporation and condensation processes influence the transition 
to the unstable state, depending on the volatility of the components 
decreasing surface tension. Rupture is facilitated by volatility. 

(3) Decrease in the thickness of a film is accelerated or retarded, 
depending on whether the film is in a dry or a moist atmosphere. 

(4) An increase in temperature, which diminishes cohesion and capil- 
lary pressure, assists in the collapse of foam under a smaller weight. 

(5) The superficial viscosity of a film must be sufficiently high to 
make thinning of the film slow. 

(6) The surface tension should be relatively weak, so as not to over- 
come the opposing resistance of viscosity. 

(7) The ratio between superficial viscosity and surface tension is 
Plateau’s criterion for the unstable state. When the ratio is larger and 
not proportional to viscosity, foam bubbles collapse. 
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(8) Two forces act in a bubble — centripetal and centrifugal — ^the lat- 
ter bring located in the colored portion of the film and concentrated in 
the “black spot/' 

(9) The intensity of rupture of a bubble depends on the concentration 
of soap. 

Foam Prevention 

Factors Influencing Foam Prevention 

In many industries foaming of liquids may or may not be desirable. 
As a matter of fact, in the heat treatment of certain liquids, such as emul- 
sified oils, foaming is a highly undesirable effect, and a number of methods 
are in use to prevent its taking place. In systems which foam, the general 
method for breaking or preventing the formation of foam is to have a 
superheating system above the evaporating surface of the liquid. 

Pressure and high temperature reduce the tendency of liquid systems 
to foam. The lack of vapor space prevents substantial foam formation, 
as found in dehydrating emulsified crude oils.^ The properties of emulsi- 
fied crude oils with respect to foaming are not additive. Intensity and 
persistency in foaming of emulsified oils to be dehydrated is decided by 
the nature of the oil. Foaming and the evaporation of water* from the 
emulsified oil are markedly influenced by certain substances, such as 
gasoline. The foaming of emulsified oil increases as a function of the 
depth of the oil in the container, reaching its maximum at a definite tem- 
perature. Superheating and foaming occurring in the dehydration of 
emulsified oils give evidence of the existence of a self-cooling effect. 

Foaming of liquids often occurs during vacuum distillation. Jetting 
heated oil aids particularly in the dehydration of foaming oils.**® Small 
jets of emulsified oil are forced against a heated body beneath the surface 
of the liquid. Foam may be broken by passing it through a series of 
heated double grating plates.-® When passing the liquid to be distilled 
over a series of vertical plates, a countercurrent of the vapor prevents 
foaming.®® Foaming during steam distillation may be prevented by the 
addition of substances acting as defoamers. In most cases substances 
used in practice prevent or diminish foaming in a particular operation 
and are not universally applicable. The addition of many organic com- 
pounds to a foam made with a glue solution showed that in general fatty 
acids had a greater effect upon the destruction of foam than the corre- 
sponding alcohols.®® No relation was found between the surface tension 
of the liquid and its ability to destroy foam, but in a homologous series 
the preventive effect appeared to increase with the molecular weight of 
the compound. With an increase in the concentration of the glue, the 
foaming power passed through a maximum. Certain mixtures were recom- 
mended for the prevention of foam; a mixture of linseed oil and alkali 
proved very effective. Petroleum, fat, milk, peanut oil, whale oil, oil of 
cloves, and various vegetable oils were found to decrease foaming 
in practice. Removal of sludge has been very often proposed to inhibit 
foaming. The addition of lime to maintain the pH above the neutral 
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Use 

Flotation process 


Cleansing action 
of soap 


Manufacture of 
beer, lemon- 
ade, etc. 


Fire extinguishers 


Table 5. Examples of Desirable Foaming 


Foam Agents 

Amyl alcohol "j 
Cresol ^ foamers 

Xanthogcnate J 


Oleic acid 
Paraffin oil 
Naphthylamine 
Xylidine 


Dirt particles 


Albumin 
Hop resins 
Saponin 


Remarks 

Ore dispersed in water is 
replaced by substances 
suitable for foam forma- 
tion; foam originates by 
blowing in air. 

Hydrophobic ore particles 
not readily wetted adhere 
to the foam laminae. 

By skimming off foam, the 
ore is separated from the 
hydrophilic admixture 
and the thoroughly wet- 
ted quartz and feldspar 
not incorporated in the 
foam, together with the 
aqueous phase, sink to 
the bottom. 

The dirt particles are car- 
ried by a hydrophobic 
skin in the interface as a 
result of emulsification, 
and are incorporated in 
the hydrophilic phase of 
the foam. 

The stability of a foam is 
a function of the fermen- 
tation process. It is as- 
sumed that acids origi- 
nating in the fermenta- 
tion process precipitate 
albumins and resins. 


“collectors” ad- 
sorbed by hy- 
drophobic ore 
powder 


Solid particles (stabilizer) 


A burning oil surface is ex- 
tinguished by covering it 
with carbon dioxide and 
air containing foam; the 
foam contains in its lam- 
inae solid particles (sta- 
bilizer) separating the 
burning oil from the ac- 
tion of air. This action 
is similar to that of sand. 


point is also a means of preventing foam formation. Small percentages 
of chlorine added to sewage reduce its tendency to foam. 

Typical examples of the occurrence of desirable and undesirable foam- 
ing systems are illustrated in Tables 5 and 6, respectively. 


Summary 

Foams are labile formations. From a thermodynamic standpoint, 
they are produced with a great surface increase, and this increase acts 
against the tendency of the system to reach a stable state by diminution 
of the surface. Low surface tension combined with low vapor pressure 
characterizes a foam agent. Only capillary-active organic substances 
promote foam formation, because only liquids containing such substances 
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Processes 

Paper production 


Heat dehydration 
of crude oils 


Heat dehydration 
of tars 


Table 6. Examples of Undesirable Foaming 

FoaminK Agents Foam Preventers Remarlcs 

Proteins Petroleum 

Gelatin Fat 

Dextrin Milk 

Casein Peanut oil 

Oil of cloves 
Vegetable oils 
Alcohols of the fatty 
acid series 


Introduction of 
steam into an 
emulsified oil 
undergoing de- 
hydration, caus- 
ing foaming 


A mixture of linseed 
oil and alkali acts 
effectively in the 
prevention of 
foams 


In the homologous 
scries, the preven- 
tive effect in- 
creases with the 
molecular weight 
of the compound 
used 


Foaming in tars 
may occur when 
they contain less 
than 1 per cent of 
water 


fulfill these conditions. Concentration of the capillary-active substance 
used as a foam agent is of great importance. A parallel decrease in ten- 
sion and foam formation occurs only at certain concentration values 
peculiar to each capillary substance used. Foam formation ability 
decreases parallel with a decrease in surface activity of the component 
dissolved in water. The decrease in solubility limits the increase in sur- 
face activity. The intermediate members of the homologous series show 
the most suitable relation between solubility and surface activity (con- 
siderable solubility and at the same time high surface activity. The influ- 
ence of solubility itself is well expressed. Increase in solubility increases 
foam formation ability. Surface tension changes cause adsorption, result- 
ing in a Gibbs interface layer, made up of various kinds of molecules. 
There is no foam without a heterogeneous interface layer, and homo- 
geneous liquids are unable to produce stable foams. The wholly molec- 
ularly dispersed members of a homologous series allow a greater hetero- 
geneity than the partially colloidally dissolved members. Solutions of 
surface-active substances foam better the more abrupt the concentration 
drop between the Gibbs layer and the solution. 

Spreading is also a factor to be considered in foam formation. The 
rate of spreading is not parallel with the rate of surface increase in the 
formation of homogeneous layers, and the foam walls consist of hetero- 
geneous layers. 

The stability of foam systems is usually not great and is expressed in 
seconds of duration, although sometimes it reaches several days. Perma- 
nence may be increased under certain conditions. The coalescence of 
bubbles in a foam may be prevented by the addition of substances 
increasing the viscosity or imparting a certain elasticity which softens the 
skins of the interface. Foams may be classified as lyophilic and lyo- 
phobic with respect to their relation to electrolytes. Lyophilic foams have 
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marked properties, such as viscosity and elasticity, and the influence of 
electrolytes on them is very small. Lyophobic foams are more stable and 
therefore less sensitive to electrolytes. Diminution of interfacial surface 
tension is one of the factors contributing to the stability of a foam sys- 
tem. Besides protective colloids, solids prevent coalescence of foam bub- 
bles, maintaining a permanent foam system. The stabilizing action of a 
solid in foam systems depends upon the degree of dispersion of the solid 
and its nature, affinity, and concentration. The ability of a solid to wet 
is of great importance. Those substances less wetted by water adsorb 
the capillary-active substance from the aqueous solution forming the 
Gibbs interface layer. A relation exists between wetting ability, adsorp- 
tion, and flotation. 

Changes occurring in the foam system and leading to rupture of the 
interfacial film or to its gradual thinning induce an unstable condition. 
Continuous thinning of the inter facial film by internal currents is due to 
gravity and strong suction at the edges of the film. The effects of the 
motion of external molecules, evaporation, and condensation are impor- 
tant. Volatility influences the rupture of the superficial molecules of the 
film, which are readily lost because of lessening of cohesion due to evapo- 
ration. A viscosity great enough to slow down the thinning of the film 
prevents coalescence of bubbles. An increase in the temperature of a 
foaming liquid diminishes cohesion and also diminishes capillary pressure 
so that bubbles collapse under a smaller weight. The relation between 
superficial viscosity and surface tension should be large enough to make 
the rupture of the film difficult. The film is subjected to two different 
actions: (1) weight, which has a tendency to make it thinner, and (2) 
adsorption which, on the contrary, tends to make it thicker. Where two 
forces counterbalance, an equilibrium of the foam is reached. Foam sys- 
tems present a typical case of a dynamic and not a static equilibrium. In 
the case of a solid used as a stabilizer, the dynamic equilibrium estab- 
lished between the rate of formation of the adsorbed layers of the foam- 
forming agent, or stabilizer, at the solid/liquid boundary on the one hand, 
and the rate of such layer formation at the gas/liquid interface on the 
other hand, determines to a certain extent the stability of a three-phase 
foam system. Small solid particles may contribute to the stabilization 
of a froth or foam, as in the case of mineralized froth, or in the ore flota- 
tion process, by preferential aggregation in the interface between two 
phases. Gas bubbles adhere to the solid particles in spite of the electro- 
static repulsion of the components. The attraction between components 
of a foam system should be ascribed to more powerful capillary forces 
rather than to electrostatic forces. The function of capillary force is to 
separate the intermediate parts between two bubbles and to prevent 
coalescence where diminution of the surface occurs. 

The adsorption layer in the interface evidently plays a most significant 
part in the stabilization of foam systems. In calculating the thickness of 
this layer, Bartsch proved that the maximum stability of these systems 
corresponds to a monomolecular film. An attempt has been made to 
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explain the relation between the thickness of the interfacial layer and the 
stability of a foam system, based on the Langmuir-Harkins theory of the 
fine structure of the boundary layers for those concentrations of foam- 
forming agents or stabilizers which lead to permanent foam systems. The 
intensity of adhesion between solid particles and gas bubbles is caused by 
the saturation of groups of molecules of the stabilizer rich in residual 
valences. These residual valences originate in the boundaries of the solid 
phase and are the result of the influence of the most saturated group of 
molecules of these substances, decreasing the surface tension at the gas/ 
liquid boundaries, and the free boundary energy acquiring the smallest 
possible value. For low concentrations, the intensity of adhesion between 
solid particles and gas bubbles decreases with a decrease in the number 
of molecules of the foam agent or stabilizer causing adhesion. 

At concentrations exceeding the condition of permanence, the adhesion 
between solid particles and gas bubbles occurs only when the dynamic 
equilibrium permits the formation of gas/liquid boundaries partially free 
from adsorbed molecules of the foam-forming agent or stabilizer. 
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Chapter 2 

Practical Knowledge of Emulsions 

Kmulsificatjon 

Introduction 

Emulsification is restricted to certain limits conditioned by a definite 
interrelationship between variables for every type of emulsion. This 
indicates that the history of every emulsion should be described and that 
only those emulsions should be compared which originate under definite 
and identical conditions, keeping in mind the following: (1) the emulsify- 
ing tendency of the oil; (2) the rate at which an emulsion will develop 
when agitated; (3) the mechanical treatment of the oil in the presence of 
the phase in which it is to be dispersed (shaking, mixing, stirring), as well 
as other means of forming an emulsion; (4) the components of the system 
added to or present in the system to be emulsified; and (5) the physical 
conditions under which emulsification processes take place. 

There are many methods for producing emulsions, the emulsification 
method depending upon the nature and the properties of the components 
making up the system and their relationship. It is evident that emulsi- 
fication, even of the same components under various conditions, will result 
in emulsions of different properties, and that the stability will be influ- 
enced more than any other property. The controlling factors in the 
process of emulsification to a stable state are: temperature, mechanical 
agitation, time, concentration-relation of the emulsifying components, 
homogenization, presence or absence of foreign substances, degree of dis- 
persion of the internal phase, and changes in the dynamic equilibrium. 
All these factors not only affect the stability of emusions, but influence 
their actual formation as well. Finally, the type of an emulsion system 
formed has been considered as a function of the conditions under which 
the system originated. It has been claimed^® that only one type of 
emulsion, either water-in-oil or oil-in-water, is possible with a given com- 
bination of oil and water, irrespective of the conditions under which 
emulsification takes place. Today it is generally recognized that the type 
of emulsion formed is totally unrelated to the conditions under which 
emulsification takes place and depends chiefly upon the kinds and con- 
centrations of emulsifying agents present. 

Roberts,®’^^ studying dynamic dispersion and emulsification under con- 
ditions of uniform mixing and continuous agitation, arrived at the follow- 
ing conclusions regarding the factors which determine the type of 
dispersion: the relative volumes of oil and water used are the controlling 
factor; the relative specific gravities, viscosities and dielectric constants 
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of oil and water, the pH of water, and the effects of the emulsifying agent 
are important factors; the shape and size of the container, the total 
volume of liquids used, preferential wettability of the container walls, 
surface-tension differential and interfacial-tension differential are rather 
negligible factors. 

In discussing the processes of emulsification of hydrocarbons in crude 
oil, distinctions must be drawn between emulsions formed by flowing or 
pumping from the earth strata, those obtained by various treatments of 
petroleum, and those prepared in plants and laboratories for practical 
application. To understand the processes of petroleum emulsification, 
the main steps in obtaining petroleum, as well as the behavior of the oil 
(under pressure), both in the interior of the earth and on the surface 
during and after pumping, must be considered, as these factors determine 
the emulsification possibilities of the oil. 

In the oil field an emulsion (also called cut oil), is composed of two 
liquids, water and oil, and the emulsifying agent. The emulsifying agent 
may be one or more of various substances, the most common of which are 
microscopic paraffin flakes, asphalt particles, clay or earthy matter, cer- 
tain heavy hydrocarbons, or napthenic acids and their salts. It is only 
after agitation of the liquids and the emulsifying agent that an emulsion 
is formed. The agitation necessary to form crude-oil emulsions is pro- 
duced by gas bubbling vigorously through the crude oil and water or by 
the two liquids when forced through relatively small openings at high 
velocities. Notable cases of gas agitation are naturally flowing wells, 
gas-lift wells and pumping wells which “pump off.” It is known that the 
place in which emulsions form may vary. They may be formed as the oil 
and water flow through the oil-sand layer; as they flow, are pumped or 
gas-lifted to the earth’s surface; or as they flow to storage. It is not 
only reasonable to assume that the formation of petroleum emulsions may 
be due to water issuing from the earth layers above the oil strata through 
which the oil passes but, as a matter of fact, it is “bottom water” that 
causes most emulsion trouble, as it is very difficult to cement off. By 
sealing this water layer before pumping, the formation of an emulsion 
of this type may be prevented. In order to form emulsions, the oil and 
water coming from the oil level in the earth must be subjected to some 
kind of agitation, for the pores of sands in which petroleum is deposited, 
or through which it passes together with water, form a system or a series 
of contracting and expanding channels. Depending upon the degree of 
graining of the sand, the number of pores and the diameter of these 
channels change. However, the motion of oil through capillary pores in 
the sand should hardly cause emulsification, since such flow is usually 
streamlined because of the small sizes of the pores. The motion of the oil 
and water within them during migration, as a sequence of the action 
of pumps, causes squeezing of the petroleum. The pumps and compres- 
sors bring the petroleum and water particles into mutual agitation. The 
space relation of the channels between the sand grains is important in 
dispersing petroleum and water particles. Another important factor is 
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the influence of the gas dissolved in the petroleum. This gas in petroleum 
tends to escape from it and causes an agitation of the oil and water. 

Ralph emphasizes that little attention is given to the elimination 
of controllable factors responsible for the formation of emulsions. He 
states that each pumper or switcher should have a centrifuge machine 
available and know when and to what extent a certain well is emulsifying 
its oil. In this manner it would be possible to make recommendations as 
to the time when well equipments should be reconditioned. Roberts 
reports that this practice was introduced by the Tretolite Co. in 1924 
and was in general use by Phillips Petroleum Co. at Smackover and other 
places. 

Both petroleum and water are subjected to the action of a series of 
pressures, such as the pressure of the expanding gas, static pressure, 
forces of gravity, and hydrostatic pressure at the edge of the water, as 
well as the negative pressure originating under the influence of suction 
forces produced by the pump. As a result of these pressures, the petro- 
leum stream is pulverized. The nature of drop formation is the reason 
for emulsion formation. Gurwitsch,'®^ discussing the mechanism of drop 
formation, states that the size of drops in an emulsion is dependent on the 
diameter of the hole, as well as on other factors; but the smaller the hole, 
the smaller the diameter of the drop. The pores of the sand are small 
capillaries. Wischetrawsky pointed out that when a liquid is forced 
through a narrow tube, the stream is compressed and an inrush of air 
takes place at the interface, f.e., between the stream and the tube, which 
is a classical example in hydraulics. The action of the gas in the stream, 
according to Uren, is comparable to that of an injector. The oil passing 
through narrow holes forms an elongated drop and then breaks off, acquir- 
ing the usual round shape. Photographs in Suman^s book illustrate this 
process of drop formation in an oil emulsion. 

Nutting,^^® discussing the formation of oil-field emulsions, describes 
what happens when merely muddy vrater is shaken with gasoline. The 
oil and water separate clearly, leaving the solid ingredients in the form 
of a thin skin at the interface and on the glass wall. The skin formed 
by the fine particles is tough and may be lifted out on a wire like a piece 
of wet rag. On drying, it returns to a powder, indicating that no per- 
manent chemical change has taken place. The solid particles adsorb the 
two liquids and mesh together. 

Wischetrawsky considers the factors repressing the action of sur- 
face tension as making possible the mixing of petroleum and water. The 
force which tends to decrease the in ter facial area is greater when the 
petroleum drop is exposed to air than when it is touched by water, 
indicating that the force pulling the petroleum drops together at the 
watcr/oil interface is less active. The same holds true for the surface 
tension of water drops at the water/petroleum boundary, causing a recip- 
rocal weakening of the surface-tension forces and the establishment of 
an equilibrium between the water and oil particles. That this is actually 
the case Wischetrawsky illustrates in a figure in which he shows that the 
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boundary between petroleum and water is not horizontal, but is peculiar 
in shape, being subjected more to the influence of the shape of the con- 
tainer than is in accordance with the laws of tension. The dispersion 
or drop formation occurring by dropping into the surrounding medium 
assists in mixing the components and brings about the emulsion system. 
In a gas-lift well, the rapid expansion of the gas produces shearing forces 
and the turbulent motion mixes the water with the oil drops.* This 
results in a rather thick mixture of petroleum and water and may even 
form a homogeneous mass. Thus emulsification in wells may be localized 
within the oil sand or may occur at any point in the well or pumping 
equipment where there is turbulence of fluid flow. 

The conditions attending the production of oil in either free-flowing, 
gas-lift, or pumping wells are also conducive to emulsification. That 
the formation of emulsions in the oil sand increases with the rate of flow 
and is aided by the presence of gas bubbles is mostly the case in the 
immediate vicinity of the wells; back in the sands the flow velocities are 
too small to produce appreciable emulsification. The quantity of emul- 
sion formed may be diminished by reducing the flow of the fluid compo- 
nents; whether quasi- or true emulsions are formed depends on the inten- 
sity of agitation. Quasi-emulsions, when filtered, show a complete 
separation of oil and water, whereas true emulsions are difficult to filter 
under ordinary pressure. The difference between a true emulsion and a 
quasi-emulsion depends solely upon the character and stability of the 
emulsion film at the interface. If the globules are above a certain diam- 
eter, they sometimes can be separated from the oil by mechanical means 
or by forces, such as gravity. In other cases, for example, gas-tar emul- 
sions, even extremely coarse division results in a very stable state; like- 
wise tank-bottom emulsions and some freshly produced emulsions in low- 
gravity oils attest the great stability of coarsely divided systems. If the 
globules are small, the separation of water is not effected by any mechani- 
cal force; temperature, or temperature and pressure, as well as chemical, 
physico-chemical, or electrical means are useful. The change in the veloc- 
ity of the flow is technically accomplished by using a back pressure on 
the well or by increasing the diameter of the well.®^® On the other hand, 
the rate of flow through the well is proportional to the surface area of 
oil sand exposed. Thus every device or method used in lifting oil from the 
wells causes agitation in the oil and water produced. High velocities are 
present because of large volumes of gas, present in many wells, which are 
forced through tubing, pipe bends, valves and control devices of small 
cross-section, which add to the agitation of the oil, water and gas to 
produce emulsions. In addition to flowing wells and gas-lift wells, con- 
ditions favorable for the mixing of oil, gas and water are met with in 
cases of slippage of gas through the liquid, combined with variable flow 
velocities in different parts of the pipe. Among all devices, the most 
potent cause of emulsification is pump valves. Emulsification can be 
reduced to a certain extent when the pumping speed is regulated and tight 
valves are used. Care should be taken in removing gas and water from 
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the oil before the oil is forced through flow lines. In swabbing wells, 
considerable emulsification of water and oil may occur. Lowering of the 
swab into and through the well fluid should be done slowly, a proper 
clearance between tubing and swab being maintained at all times. It 
must be mentioned also that incrusted or corroded pipe walls cause tur- 
bulence in the fluids. 

The tendency of oil and water to emulsify in wells flowing under high 
pressure is increased by the forced passage of the mixture through a 
restricted opening in the choke nipple or flow bean placed in the flow line 
to maintain back pressure on the well. Most emulsification occurs on 
the downstream side of the choke, where violent turbulence takes place 
because of the rapid expansion of the gas. Miller stated that the 
percentage of emulsions at many gas-lift wells has been reduced by 
eliminating the flow nipples in the eductor line and by holding the desired 
back pressure in the gas separator instead of using flow beans at the well 
head. In the Oklahoma and West Texas fields the reduction of emulsifi- 
cation in naturally flowing wells is accomplished by using bottom-hole 
chokes. 

Emulsification resulting from the increased velocity of the expanding 
mixture passing through the constricted passages of the pump valves 
and cages may be eliminated by excluding as much gas as possible from 
the pump. A gas anchor, which prevents gas associated with oil and 
gas evolved from solution in the oil from entering the pump barrel and 
causing agitation and heading, has been described by Robinson.®’^^® Fig. 
1 shows this gas anchor. Oil and gas enter the anchor and start to flow 
downward in the space between the outer pipe and the inner tube, called 
“mosquito bill.^^ The velocity must be less than the rate of rise of the 
gas bubble through oil (the rate of rise is normally above 6 inches per 
second in water) . The capacity of an anchor is proportional to the down- 
pass area. Anchors are about 21 feet long. Gas anchors are placed at 
a point in the well where the oil inlet to the anchor is not submerged 
below the normal working-fluid level. Low pressure must be maintained 
in the casing. The use of gas anchors is limited to wells in which fluid 
levels are maintained constant and little or no back pressure is held on 
the sand by maintaining pressure at the casinghead. 

In general, emulsification is more pronounced in deep wells than in 
shallow ones because of the greater static pressure on the top plunger 
area, which causes the fluid to jet past leaky plungers in valves at high 
velocity. Under high static pressures in deep wells some slippage is 
inevitable, and this favors the formation of emulsions. Methods of 
combating slippage have been given by Schnobrich.®®^® 

The submergence of a pump is an important factor. If it is sufficient 
so that the wells do pump off (fluid is removed at a faster rate than it 
enters the hole), pumping of the wells after they begin to “pump off” 
(air or gas is drawn into the pump) reduces volumetric efficiency and sets 
up a churning action causing emulsification of oil and water with each 
stroke of the plunger. A reduction in the hours of pumping, the use of a 
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Fig. 1. Gas anchor (oil and gas separator) ; theoretical capacity, with effective oil 
velocity of 6 inches per second, 178 barrels per day. (Aftc^r Robinson, B. H., 
“Economics of Pumping, Drilling and Production Practice,” American Petroleum 
Institute, 1935.) 

smaller pump, and pumping at a slower rate are suggested measures for 
avoiding overpurnping. 

To reduce turbulence and emulsification, as well as gas action in the 
plunger, close spacing between the plunger and the standing valve in the 
pump has been recommended. Spacing of plungers to provide minimum 
clearance volume is especially important in deep wells. Leakage past 
pump valves is an even more common source of emulsification than 
slippage past plungers. A worn or a leaky pump valve results in the 
appearance of an emulsion in a well. Pump valves are subjected to 
severe pounding at each stroke, as well as a chattering action of the ball 
against the seat. Leak in the tubing in a well producing oil and water 
sometimes causes emulsification. The fluid pressure within the tubing 
forces the fluids through the opening into the annular space between the 
tubing and casing, and this causes emulsions to form. Therefore, main- 
taining pumping equipment in the best condition is an important part 
of oil-well operation.®*®* 
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Paraffin accumulation in wells and flow lines acts as a choke by 
restricting the flow, increasing flowing pressures and turbulance, and 
thus constituting a source of emulsification. Reistle discusses causes 
and methods for preventing accumulation of paraffin in wells and flow 
lines. 

The tendency to emulsify is influenced by the percentage of water 
in the oil. A large percentage of water often does not emulsify as 
thoroughly and permanently as a small amount. It is known that addi- 
tional water circulating continuously lessens or prevents the formation 
of emulsions; a circulating pump is used for this purpose. Salt water is 
preferable to fresh water because. of its higher surface tension. The 
type of emulsion formed depends upon the predominant emulsifier in the 
crude petroleum. If the crude oil contains a hydrophobic colloid, and 
if either fresh or salt water is gently agitated with it, there is a tendency 
to form an emulsion in which the water is suspended in the crude oil. 
Soap is an example of a hydrophilic colloid; thus soap solutions tend to 
form an emulsion in which the oil is the disperse phase in the soap-water. 
If the hydrophilic soap is present in a relatively large proportion, it exerts 
a stronger action than the hydrophobic colloid of the crude petroleum, 
and this results in an emulsion with water as the continuous phase. The 
ability to emulsify in most mineral oils is so great that Rakusin terms 
them ^^hygroscopic bodies.” 

Natural and artificially prepared emulsions are known, depending 
upon their origin. Artificial emulsions are found where oil comes into 
contact with wet steam; this occurs by alkalization during the refining 
of oils, or when lubricating oils form emulsions in steam engines. The 
refining process of mineral oils consists essentially of two parts: (1) treat- 
ment with acids, and (2) treatment with alkalies. In the second case, 
the oil becomes intimately mixed with sodium hydroxide, often resulting 
in very stiff emulsions. In the case of lubricants, water present in the 
form of very small droplets favors emulsification and the motion of the 
engine produces an intimate mixing. 

In a great many cases emulsions form readily but are undesirable; 
there are also cases in which their formation is desired, but it is very dif- 
ficult to form them. The term ^‘water-soluble oils” is incorrect because 
it is very seldom that they actually form clear solutions with water; 
instead, very fine emulsions are formed. These emulsions are used as 
cheap lubricants for workshop engines, cutting oils for tools, etc. Water- 
soluble oils are prepared by dissolving alkali or ammonia soaps in mineral 
oils and intimately mixing with water to obtain a very fine division. 
Especially good results are obtained when acid soaps are dissolved in 
mineral oils. 

In all cases of emulsification, the ability to emulsify depends greatly 
upon conditions under which the emulsion formation occurs. Factors 
influencing emulsification, such as the nature of the components, their 
specific gravities, temperatures at which emulsions are formed, mode of 
agitation, time factor in agitation, the particular process chosen for the 
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production of an emulsion, the addition of agents aiding emulsification, 
etc., are subjects for discussion. A difference in the specific gravities of 
the emulsion components, in general, should not favor emulsion forma- 
tion; as a matter of fact, equal specific gravities are best, because no 
settling effects could aid in resolving the dispersion. Viscous liquids 
emulsify, in general, more readily than less viscous, although the behavior 
of an emulsion system with respect to various factors is quite individual. 
The cause for the marked difference in the behavior of emulsified oil 
during emulsification under heat treatment is not definitely known. 
Pickering,®®^ in his “Note on Emulsions,” states that almost all emulsions 
with which he experimented were prepared in the cold, and that in com- 
paring these emulsions with “similar” emulsions prepared at higher 
temperatures, the results obtained were identical. Further, he states that 
high temperatures greatly facilitate emulsification; and in extreme cases 
where a mixture does not emulsify in the cold, it may be emulsified by 
application of heat. Pickering’s conclusions are based on an investigation 
of paraffin soap solution systems. Some emulsions, when heated to their 
boiling point, did undergo a sudden change, separating into water and oil, 
while no apparent change in the appearance of the emulsion was noticed 
when the temperature was reduced several degrees below the boiling 
point; however, as soon as the boiling point was reached, the water 
separated out rapidly. On the other hand, there are emulsions which, 
when heated to 221® F and held at that temperature until all the water 
and part of the oil have been distilled over, at no time show any dis- 
integration. It may be that the difference in the behavior is due to the 
gravity of the oil from which the emulsion is formed, or it may be due to 
the amount of foreign material present acting in a protective capacity. 
Experiments carried out by different investigators proved that in the 
case of insoluble emulsifiers neither an increase in heat nor an increase 
in volatility favored emulsification; indeed, an increase in volatility 
retarded it, perhaps because the more volatile oils are also more mobile. 

Oil globules in an emulsion are subject to Brownian movement, pro- 
vided the system is stable. Brownian movement helps to keep the oil 
globules in a state of suspension, the movement being due to the bom- 
bardment of oil particles by the molecules of the continuous phase, and 
is a series of uncoordinated collisions. The oil particles execute a zig-zag 
motion the intensity of which is inversely proportional to the radius of 
the particles dispersed and to the square root of the time (the diffusion 
constant = the distance the particles move) . An increase in temperature 
on the one hand causes an increase in Brownian movement and a higher 
frequency of collision of the dispersed globules; on the other hand, evapo- 
ration of the continuous phase retards Brownian movement and some- 
times stops it altogether. The relationship between these two factors 
directs the influence of the temperature. Heat influences the emulsion 
system to be formed by displacing the state of equilibrium in the system. 
In the case of foreign substances and emulsifiers, this may be of great 
importance. The choice of conditions under which an emulsion is pro- 
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duced must be made within reasonable limits. Agitation under certain 
conditions may cause the formation of an emulsion system, but under 
other conditions it may cause its break-down. 

Methods of Preparing Emulsions 

Emulsions are formed by shaking, intermittently aijd uninterruptedly, 
using stirring arrangements, rolling or dragging, or rotating in cylindrical 
bottles containing the components of the future emulsion, employing 
special devices for dispersing, such as colloid mills and homogenizers, 
mixing by means of flowing gas, high-velocity nozzles, or centrifugal 
arrangements, etc. Pickering recommends the use of a garden syringe 
fitted with a rose nozzle as the simplest expedient for emulsifying the 
components of an emulsion, as it is apparent that this type of nozzle 
splits the hydrocarbon phase into very minute particles. When paraffin 
is used in such a device, it appears to rise from the liquid in the form of 
mist, a one-minute period sufficing to emulsify. A continuation of the 
operation for three or four minutes does not modify the result previously 
obtained. According to Pickering, if a mixture does not emulsify imme- 
diately, no further pumping can force it to do so. 

Briggs^® effected complete emulsification of 90 volumes of benzene 
in 100 volumes of mixture in two minutes of continuous rolling. Accord- 
ing to Clayton,^^ continuous shaking would give just as good results as 
intermittent shaking, provided that the emulsified portions of the mixture 
are continually removed from the mass so that the energy of shaking is 
concentrated on the portion remaining. If this is correct, then where the 
disperse phase is injected into the external phase below the surface, inter- 
mittent injection would have no advantage over continuous injection, as 
stated by Clayton. On the other hand, the formation of a complete emul- 
sion is facilitated by allowing the emulsion complex and the discontinuous 
phase to form two distinct layers before each shake. This would indicate 
that emulsions are formed most readily when relatively little oil is agi- 
tated for a short period of time when in contact with a relatively large 
and unbroken volume in which the soap solution is the continuous phase. 
Continuous shaking in a bottle disintegrates both the disperse and the 
continuous phase with the formation of drops; but since the soap-water 
solution is the continuous phase in an emulsion, any process tending to 
disintegrate it must retard emulsification; likewise, a process tending to 
disintegrate the phase to be dispersed aids emulsification. Therefore 
rapid and easy emulsification should be anticipated whenever the phase 
to be dispersed breaks up into drops under conditions unfavorable to the 
simultaneous disintegration of the continuous phase or with least dis- 
integration. The time and the number of shakes required to complete 
emulsion formation vary with the rest interval between shakes. In shak- 
ing emulsions direct, intermittent shaking is far more efficient than 
uninterrupted shaking, even in a shaking machine. Agitation produced 
by stirring requires knowing the number of revolutions per minute of the 
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agitator in order that it be not too high and identical for consecutive 
emulsification tests. 

Roberts, comparing continuous and intermittent (single-stroke) agi- 
tation, found that the latter is approximately twenty times as efficient as 
the former in producing a stable water-in-oil emulsion. Whereas con- 
tinuous agitation with percentages of water above the lower limit for the 
formation of an oil-in-water dispersion hinders the formation of a water- 
in-oil emulsion by maintaining the dispersion of the oil in small droplets, 
intermittent agitation facilitates emulsification by furnishing opportunity 
for coalescence of droplets during the rest periods, and prevents forma- 
tion of exceedingly fine dispersions of oil in water. 

The experiments of Freundlich and Kroch established the fact of 
mechanical coagulation of colloids; and, of course, the same holds true for 
emulsions in which the lack of control of factors producing mechanical 
agitation may lead to resolution instead of the formation of an emulsion 
system. It is, therefore, reasonable to believe that for any emulsifying 
apparatus or machine an optimum speed or degree of agitation or mixing, 
as well as an optimum time of operation, must be determined, whereby a 
stable emulsion is obtained for a given system. In some cases even the 
type of emulsion may be dependent upon the mode of shaking. It has 
been observed that gentle shaking favors the oil-in-water type, and that 
vigorous shaking favors the water-in-oil type. Woodman claimed this 
is the case for cresylic acid-gelatin-water systems. Clayton considers 
that this is by no means generally true. He states that, by shaking 
the water and the non-aqueous phase in various ways, many types of 
emulsions are formed, the different mechanical conditions apparently 
influencing the distribution coefficient of the emulsifier in the two phases. 
Wilson found that by emulsifying benzene in water, with sodium oleate 
as emulsifier, gentle continuous shaking resulted in the formation of the 
water-in-oil type, whereas vigorous intermittent shaking gave oil-in- 
water emulsions. The emulsions could be reversed on homogenization if 
enough oleic acid was present. Likewise, if benzene was added to water 
in 5-cc portions, with shaking after each addition, the emulsion formed 
was of the oil-in-water type. On homogenization, it could be reversed. 

Rolling the oil layer over soap-water also serves to agitate an emul- 
sion system. One way of doing this experimentally is to employ a mortar 
and pestle, as is done in the so-called continental method. Rolling a mix- 
ture of oil and soap solution in a cylindrical bottle is another method, the 
rolling occurring backward and forward. The total distance traveled by 
the rolling bottle, and the time required for complete emulsification should 
be recorded. Colloid mills undoubtedly lead to a much finer degree of 
dispersion of emulsions, but they are objected to on the ground that they 
incorporate air in the emulsions. Also, with very concentrated emulsions, 
difficulty is often encountered because of instability of the emulsion 
system. 

Clayton proposed carrying out emulsification and homogenization 
of the emulsion system simultaneously in one machine. A homogenizer 
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should be so constructed that it operates on the principle of injecting the 
internal phase into the external phase, the injection and atomization being 
of such a character that an already homogenized emulsion would immedi- 
ately follow. Clayton also questions the influence of vapor pressure on 
the disperse phase. In emulsiflcation by condensation of a vapor in a 
liquid, a progressive decrease in the mean radius of the globule occurs 
with an increase in pressure. This is caused chiefly by the more uniform 
dispersion produced by the increase of vapor pressure. 

Sumner found that the uniformity of dispersion is largely 

dependent on an efficient distribution of the vapor throughout the aqueous 
phase during the condensation process, the latter depending on the linear 
velocity of the issuing vapor. 

Mixing liquids by means of gas flowing through them is considered 
in some quarters to be unsound practice, since the adsorption is pro- 
nounced in a resisting froth instead of a liquid/liquid interface. For 
water contents as low as 25 per cent, better results are obtained by agi- 
tation with a saturated salt solution. For a lower water content, it is 
})ossiblc to obtain a more thorough emulsification of saturated salt solu- 
tion with a soap-w^ater emulsion than can be ordinarily obtained with a 
stirring arrangement by using a high-velocity nozzle or a centrifugal 
arrangement. 

Briggs and Schmidt used a shaking machine which produced a lat- 
eral motion approximating 400 oscillations per minute. These same 
investigator.^ endeavored also to determine the time required to emulsify 
completely mixtures containing different proportions of benzene and one 
per cent of sodium olcate. The combined volume of benzene and aqueous 
solution was kept constant at 50 cc. Curves which Briggs and Schmidt 
obtained represent the relationship between time for complete emulsifica- 
tion (plotted on the abscissa) and the percentage of benzene (plotted on 
the ordinate), and show that the necessary amount of shaking increases 
with the percentage of benzene to be emulsified, at first slowly and then 
with rapidly increasing speed, until the amount of shaking becomes infi- 
nitely great. On the other hand, the curve is displaced not only with the 
change in size and shape of the bottle used in the shaking machine, but 
with the speed and the mode of agitation, and is changed to a certain 
extent with the strength of the emulsifier applied. Sheppard found 
that nitrobenzene may be emulsified in sulfuric acid by gentle and rapid 
shaking, or slow shaking; in certain cases, a single vibration results in 
demulsification. The method of emulsification is individual. Continuous 
shaking may disintegrate both phases of the emulsion. Vibrations 
involved in the shipment of emulsions by truck or railroad also contribute 
to the breakdown of emulsions. 

Ayres (luotes a ease of an oil-field emulsion so stable as to resist 
separation in a centrifuge, but which was separated into its components 
after transit in an express train. Newman states that the character of 
the emulsions which he obtained varied markedly with the degree of 
shaking. Harkins and Beeraan confirm this statement by saying that 
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the method of mixing affects the distribution of the disperse phase. Emul- 
sions produced by a high-speed drink mixer were compared with those 
made by a motor-driven egg-beater. The siase of the largest drops was 
found to be less for the former than for the latter. Also^ the number of 
large drops decreased with time of stirring, rapidly at first and more 
slowly later. Ayres indicates that excessive agitation increases the size 
of the emulsion globules. The hand shaking method is, of course,' very 
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primitive, operating in some cases satisfactorily and in others poorly. 
Herschel found that increasing the speed of paddling produces an 
increase in emulsification up to 1500 revolutions per minute, above which 
speed the emulsification decreases with certain oils (Fig. 2). Agitation 
over too long a period of time also is inadvisable, as shown by Moore^s 
experiments Fig. 3 shows the influence of time, at constant speed of 
paddling, upon the efficiency of emulsification in the case of a water-oil 
emulsion with lampblack as the emulsifier. 

Specific effects on emulsification were claimed by Ostwald,®^^ Hoff- 
man,^®® and Briggs and Schmidt,^® who found that a different type of 
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emulsion is formed, depending upon whether the glass surface of the 
container in which the emulsion has been prepared is wetted with oil or 
water. The liquid wetting the walls tends to become the outside phase, 
this tendency being small when the relative volumes of the components 
forming an emulsion increase. This is definitely not valid, as can be 
readily determined by experiment. The nature of the emulsifying agent 
determines the character of the emulsion. 



Fia. 3. Effect of Time at Constant Speed of Paddling on Efficiency of Emulsification. 

Ssychra and SsegaP^® pointed out various factors influencing the 
degree of emulsification for various soaps. Castor-oil soap shows the 
highest degree of emulsification at ordinary temperature. Cottonseed- 
oil soap has a higher degree of emulsification than the so-called ‘^olein 
soap” from oleic acid. Resin soaps have a higher degree of emulsification 
than fatty acid soaps. Electrolytes, such as 0.25-1.0 per cent of alkali, 
increase considerably the emulsification of olcic-acid soaps, ricinoleic-acid 
soaps and resin soaps at ordinary temperature. The emulsification of 
resin soaps is greatly increased by the addition of 2 per cent of sodium 
chloride and more so by one per cent of sodium hydroxide. The composi- 
tion and viscosity of the substances to be emulsified influence the degree 
of emulsification. 

Speakman and Chamberlain considered the degree of emulsification 
to be determined not only by the magnitude of the interfacial tension and 
the formation of a stable adsorption film, but also by the length of the 
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carbon chain. Seifriz^s findings prove a relationship between the sta- 
bility of an emulsion and the density of hydrocarbons. SnelPs experi- 
ments indicate that in mixtures of soap and alkali salts, sodium oleate 
has the highest emulsifying value of the substances investigated, and 
that sodium silicate, sodium phosphate and dibasic sodium phosphate are 
not eflScient emulsifiers on account of too low a hydroxyl concentration. 

Kremnev,^®'^ studying the emulsification of mercury in benzene, with 
oleic acid as stabilizer, which resulted in the formation of a mercury foam 
of poor stability due to low viscosity and high gravity, found that hemi- 
spherical air bubbles enclosed by a mercury shell are important in the 
emulsification process. In a benzene-sodium oleate solution the bubbles 
break at the air/benzene interface, and the drops collapse because sodium 
oleate does not stabilize water-in-oil emulsions. 

Wood and Loomis and Richards and Loomis studied the 

effect on the process of emulsification of ultrasonic waves (100,000- 
500,000 per second), produced with the aid of a piezoelectric quartz plate 
between electrodes connected with the poles of a Tesla coil. The first 
experiments were concerned with the dispersion of mercury in water 
under the influence of ultrasonic waves. Sdllner and Ragowski inves- 
tigated the phenomenon for mercury and water, as well as for liquid 
pairs, such as water in benzene, in the presence of a gas, which proved 
to be of great importance in the formation of an emulsion. It was 
observed that no emulsion is produced in vacuo. The effect of oxygen 
and hydrogen and, in some cases, nitrogen and argon, was ascertained. 
It is presumed that emulsification may be poor in liquids in which mer- 
cury is strongly wettable; for example, mercury is not emulsified in gaso- 
line. Bondy and Sollner believe that the dispersion of mercury is 
due to the bursting of bubbles of the other liquid coated with thin films 
of mercury. Mercury emulsions are stabilized by adsorbed gases. 

Freundlich ^nd Freundlich and Sollner^*"*^ explain the mecha- 

nism of ultrasonic waves in emulsification processes by assuming a direct 
dispersing action due mainly to transverse vibrations of the walls of a 
capillary U-tube in which the emulsification takes place. Striations of 
great regularity are formed in a short time in both branches of the tube 
(see figure from Clayton, p. 317). The droplets collect in the nodes, 
while the antinodes remain clear. The distance between two nodes is 
equal to half a wave-length in the liquid. The striations formed are 
considered by Freundlich as relating to Kundt^s method for determining 
the wave-length of sound waves. According to Freundlich, ultrasonic 
waves have no specific properties to which emulsification may be attrib- 
uted, but they do contribute mechanical energy, similar to devices pro- 
ducing shaking or stirring, only to a greater extent. 

Bondy and Sollner consider cavitation at the interface to be a 
cause of emulsification, the cavitation being favored by dissolved gases 
acting as nuclei, while the external hydrostatic pressure exerted by gases 
is essential to the collapse of these cavities, and high pressure may be 
unfavorable to emulsification. In a later paper, Bondy and Sollner-"*® 
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conclude tliat cavitation is essential for the emulsification of oil in aque- 
ous systems, and that it is of no significance whatsoever in the ultrasonic 
dispersion of mercury. 

The mechanism of formation of mercury emulsions in water by ultra- 
sonic waves, based probably upon the pressing of water into mercury, is 
different from that of emulsifying oil in water. In mercury emulsions 
the formation of empty spaces plays no significant part. The presence of 
gases such as air, nitrogen, oxygen or hydrogen is found to increase 
greatly the stability of emulsions prepared ; in the absence of these gases, 
the emulsions settle out rapidly and the sediment flows together. The 
reason for the emulsification of organic liquids in water is based on the 
formation of empty spaces within the liquid; this may occur, for example, 
by a decrease in the hydrodynamic pressure upon liquids under vapor 
pressure. 

The foregoing factors have much less effect than the nature and prop- 
erties of the emulsifying agent in determining the process of emulsifica- 
tion. For this reason special attention should be drawn to the nature of 
emulsifiers, as well as to the reason for their decided effect on the for- 
mation of emulsion systems. 

Emulsifiers 

Davey,^^’®"^ discussing the preparation of emulsions by means of 
emulsifying agents, points out the following cases: (1) emulsifiers have 
molecules which are not set free readily at ordinary temperature; (2) 
emulsifiers have a weak adsorption affinity for the water phase (oleic 
acid; (3) emulsifiers, such as soaps of polyvalent metals containing a 
methyl group, surpass in their action those containing carboxyl groups 
bound to the polyvalent metal; (4) the water-oil ratio is so low that flow- 
ing together takes place; and (5) dispersion of the emulsifier by the oil 
phase, as a result of mechanical treatment, causes spontaneous emulsifica- 
tion. Schindler,^®^ in his article on the precipitation rule for emulsions 
on the basis of sulfonated oils, emphasized the fact that the value of a 
substance as an emulsifying agent depends on the method of producing 
the emulsion and specifically on the substance to be emulsified. 

Concerning the nature of emulsifiers, those molecularly soluble or col- 
loidally dispersed in water should be distinguished. When oil-soluble 
hydrophilic colloids are dissolved in oil, it may be very diflScult or 
even impossible to produce stable emulsions of the watcr-in-oil type 
by agitation; and, conversely, when water-soluble hydrophobic colloids 
are dissolved in water, it may be very diflScuit to form stable emul- 
sions of the oil-in-water type. If the emulsifier is hydrophilic, like 
gelatin or gum arabic, the formation of an emulsion dispersed in water is 
favored. A hydrophobic emulsifier, such as resin soap, favors the forma- 
tion of an emulsion of the water-in-oil type, generally in organic liquids. 
On the other hand, powdered emulsifiers, such as lampblack, decidedly 
hydrophobic, favor the formation of water-in-oil emulsions. Oil-field 
emulsions are generally classified as the water-in-oil type, assuming them 
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to be formed, therefore, from colloidal substances dissolved in oil, or from 
solid substances readily wetted by oil. 

Electrolytes soluble in the water phase and either hydrated earth sub- 
stances or heavy hydrocarbons, such as asphalt, present in the oil as col- 
loids, also act as emulsifiers. It is to be expected that hydrated earths 
are more readily wetted by water; but there is also a belief, entertained 
by Sherrick,^®^ that hydrated earthy material may become a hydrophobic 
colloid by adsorbing heavy asphalt-like bodies of the crude oil, and that 
this, together with asphalt-saturated earthy material having an unusual 
wettability, is responsible for the formation of field emulsions. Lotter- 
moser and Calanter consider hard asphalt and petroleum tar also to be 
hydrophobic colloids acting as emulsifiers and {)roducing natural water- 
in-oil emulsion systems. Both emulsifiers deci'ease surface tension in the 
oil/water boundary and accumulate at the interface, forming a protective 
film. Both emulsifiers increase the viscosity of petroleum, thus favoring 
the stability of the petroleum emulsions formed. Hard asphalt is thought 
to produce more stable emulsions than petroleum tar. In accordance with 
his findings, Dow concluded that asphaltic material, ix., the high- 
boiling fractions of petroleum, are most important in the emulsification 
process. 

Schulman and Cockbain ^®®“*** state that with some emulsifying agents 
emulsification is brought about ^^spontaneously^^ by hand-shaking for 2-3 
seconds, whereas with other agents special homogenizers must be used to 
lower the interfacial tension. The interfacial tension in spontaneous 
emulsification must be extremely small (a fraction of a dyne per cm). 
Schulman and Cockbain^s investigations show also that formation of 
stable emulsions of the Nujol-in- water type may be the result of using 
an emulsifier consisting of two substances, one of which is oil-soluble and 
the other an ionizable water-soluble substance. A stable equi-molecular 
complex is formed at the Nujol oil/wktcr interface when cetyl sulfate 
penetrates a film of cholesterol. The degree of interaction between polar 
groups of the film substance and the penetrating compound is of impor- 
tance. When cholesterol acetate or stearate is used instead of cholesterol, 
stable Nujol-in- water emulsions arc not formed. 

Schulman and RidcaP**®^* found that the reactivity of polar groups 
toward the alcoholic group of cholesterol may be given by the following 
series: 

NH 3 * > SOr > SO3" > COO" > NMes^ > bile acid anions 

Emulsifiers commonly used are soaps, resinates, proteins (casein, gela- 
tin, albumin, hemoglobin, gliadin), protein hydrolysis products (peptones, 
gelatoses), water-soluble gums and mucilages (gum arabic, tragacanth, 
Irish moss), colloidal carbohydrates (starches, dextrins), egg yolk, lano- 
lin, cholesterol, lecithin, saponin, sodium salts of sulfonic acids, sulfonated 
oils, gum resins (dammar, rosin), amylene and insoluble powders. 

Not only the kind of emulsifier but also its emulsifying efficiency is 
of importance in the production of emulsions. Holmes and Williams 
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investigated the emulsifying eflSciency of organic compounds, from which 
they concluded that alcohols, particularly methyl or ethyl alcohol, can be 
used to advantage. The emulsified system was benzene in water. Propyl 
alcohol is inferior and butyl alcohol, poor. In fact, the higher alcohols 
were found to be useless as emulsifying agents. Glycol, glycerol and 
sugar had no noticeable effect; allyl alcohol showed a pronounced effect 
but not equal, however, to that of ethyl alcohol. Phenol and resorcinol 
showed distinct power to emulsify, but the naphthols did not. Benzyl 
alcohol does not emulsify at all. Acids, such as stearic, palmitic, oleic 
and linolenic, were found to vary in their efficiency; but acids below 
caprilic in the fatty acid series were incapable of emulsifying. The 
sodium salts of sulfonic acids were far superior to the free acid. In addi- 
tion, esters, aldehydes, ketones and nitriles were tested. 

It is said that neutral fats have a decided tendency to act as emulsi- 
fiers. The carboxyl group of an ester, together with a hydrocarbon 
radical, must be less polar than the carboxyl group of a free fatty acid. 
The aldehydes are of little importance as emulsifiers, but benzonitrile is 
comparable to the best polar agents. Nitro and amino compounds, as well 
as the ketones, were found to have little, if any, effect. The water- 
soluble salts of the hydroaromatic carboxylic acids, such as the salts of 
propyl or butyl cyclohexanol carboxylic acid, arc excellent emulsifiers. 
It has been found also that with a heavier molecular nucleus such as, for 
example, the salt of isopropyl tetrahydronaphthalene carboxylic acid,®*^ 
the emulsifying action is improved. 

The I. G. Farbenindustrie A.-G. claimed as emulsifying agents salts 
or free acids of sulfonated, alkylated and aralkylated or arylated aro- 
matic or partially hydrogenated aromatic hydrocarbons, excluding diaryl- 
ethane obtained from styrene. As examples may serve sulfonated benzyl- 
butyl naphthalene, phenylbutyl naphthalene (from naphthalene sulfonic 
acid, chlorbenzene and butyl alcohol), benzylamylbutyl naphthalene, 
benzylbutyltetralin, benzylcyclohexyl naphthalene and the product of 
sulfonating a mixture of oleic acid, naphthenic acid and aromatic hydro- 
carbons. 

Bennett indicates a new emulsifier, namely, trioxycthylaminstearate 
and ammonium oleate. The stearate is a soap-like body, soluble in water 
and in hydrocarbons, and does not decompose on melting. To prepare 
emulsions with this emulsifier, the product is replaced by wax or a hydro- 
carbon gel in the oil to be emulsified at 60-70° and stirred continuously 
with the addition of corresponding amounts of water. The ammonium 
oleate is a paste and is so treated that it is dissolved in water and the 
oil added with stirring. The emulsions obtained are suitable as cleaning 
and polishing materials. 

Whatmough states in his patent that emulsification takes place in 
the cold more rapidly without the use of a solvent for the oil when a soap 
is produced in situ at the interface between the oil and water in the pres- 
ence of a protein. Such a protein acts as a buffer, preventing undue 
variation in the electrolytic activity of the aqueous phase during emul- 
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sification (the pH of the water is suitably adjusted), and thus tlie result 
of emulsification depends on the proportion of alkali in the aqueous 
phase. The emulsification process consists in mixing a small percentage 
of a higher, non-volatile fatty acid with a fatty oil. This mixture in its 
turn is mixed with water containing a protein in which a small propor- 
tion of alkali is present. The latter is the percentage necessary to make 
the electrolytic activity such that the in ter facial tension is sufficiently 
reduced. 

Jones also obtained emulsifying agents by bringing together 
aqueous dispersions of animal proteins in water, using a relatively dilute 
solution of sodium hydroxide at temperatures below 100’^. Soaps, pro- 
tective colloids and stabilizers may also be added. Murphy*"*^® treated 
animal albumin and similar substances with a dilute alkali solution below 
100° and mixed this with emulsions of mineral oils, bitumen, or tars. 
Billinghame 3 ^ 2 , 33,34 recommended a pure protein or a material containing 
not less than 80 per cent of commercially pure albumin, casein saturated 
with water, and caustic soda or potash. The latter is taken in an amount 
of 60 to 100 per cent by weight of the substance and used at a tempera- 
ture below 60°, so that dissociation of the amido fatty acid is effected 
without saponification and gives an emulsive reagent which may be 
applied for emulsifying oils, bitumen, or artificial bitumen materials. 

Jones emulsified oil with calcium caseinate by adding lignin liquid, 
dextrin, and, water and transformer oil. Free carboxyl and hydroxyl 
groups are present in the final product. An emulsifying agent for fatty 
oils and bituminous substances is obtained, according to Barnfield,^^ by 
mixing aqueous dispersions of animal proteins with dilute caustic alkali 
solutions at a temperature below 100°. Lottermoser and Calanter®^® 
indicate the activity of casein as an emulsifier for petroleum. The con- 
centration of 0.2 per cent of casein suggested by Seifriz is not sufficient 
for all kinds of oil, e.g., Baku oil. Casein, in general, stabilizes oil-in- 
water emulsions when oils, as in the case of refined petroleum, do not 
contain natural emulsifying agents. When the oil does contain such 
agents, cither oil-in-water or water-in-oil emulsions result, because of 
antagonistic action of the two kinds of emulsifying agents. An excess of 
casein causes oil-in-water emulsions to form, and a deficiency of casein 
results in water-in-oil emulsions. Dextrin is another emulsifying agent 
employed for oils immiscible with water. A thin paste is made of dextrin 
mixed with water, compounded with the oil, and vinegar stirred into it 
to form a homogeneous mass. Also, dextrin may first be mixed with the 
vinegar and the oil added afterward. 

Thomson-Houston Co., Ltd.**^® states that an emulsion is formed when 
an oily substance and a soap-like emulsifier or casein are mixed together 
without water, heated to 150° and then added to the water phase. 

Knaggs,^®^ discussing the results of his work on the effect produced by 
the replacement of the amino group by a hydroxyl group in a protein, 
points out that the protein gelatin in this case becomes a more efficient 
emulsifying agent. But, when it is converted into the methylene-amino 
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group, an opposite effect is obtained. Thus the emulsifying efficiency of 
a protein for oil and water seems to be considerably altered if the active 
groups present in the molecule are changed, either by substitution or addi- 
tion of another group. TIk^ deaminizing of gelatin with nitrous acid 
increases its emulsifying power for oils, provided the solution is not so 
dilute that the viscuisity falls below tlie optimum value indicated by 
Holmes and Child.^®® 

Roberts and Smith emulsified fuel oil or coal oil mixtures in a col- 
loid mill with about 4 per cent of nitrogen monoxide, using casein or 
starch as the emulsifier. A small proportion of soluble or insoluble boro- 
silicate and sodium chloride may be added to control combustion and 
facilitate ignition. 

The Hull Co.^*^^ developed a new emulsifying and stabilizing agent 
for all types of oil-in-water emulsions. The product is neither acid nor 
alkaline and gives a smooth, stable emulsion which is equal in quality to 
those produced with a colloid mill. Stratford (Texas Co.)'*®^ prepared 
emulsions by using either sodium soap or finely divided fuller’s earth as 
an emulsifying agent. 

Electrolytes 

The Asphalt Cold, Ltd.^*"^ emulsifies bitumen, using 2 per cent of oleic 
acid, mixing with vigorous stirring at 100-110'^, adding a 5 per cent solu- 
tion of alkali silicate or borate, and finally washing with hot water. 
Levy claims that an aqueous bitumen emulsion is obtained by 

using an aqueous alkali silicate solution. Complete emulsification fol- 
lows without the addition of a fat and the process must be carried out 
continuously. Emulsifying agents are prepared by treating a low-tem- 
perature tar or its fractions with phosplioric acid, or other acids, and 
using a purified oil as a diluent. Findlay prepared a bitumen emulsion 
by shaking lime with water, heating, and introducing slowly with stirring 
a mixture of hot bitumen and alum solutions. 

TfoPs emulsifier consists largely of silica, used as a substitute for 
soap by the Arabs of northern Africa, which not only absorbs oil, but 
strongly emulsifies oil in water. According to Rutgerswerke A.-G. 
(Kahl),-’*'^^ bitumen emulsions are made of a molted coal-tar or petroleum 
tar stirred with a pasty mixture of alkali-reacting substances, siich as 
iron, aluminum and zinc oxides and basic magnesium salts. Kripke 
proposed a method for treating solutions with such proportions of acids 
or acid salts that the emulsion formed is not broken when an acid is 
added. The percentage of acid that may be added to an emulsion depends 
upon that used in its preparation. Thus, with about one per cent solution 
of hydrochloric acid, the emulsion remains stable as long as the acid 
added is less than 11/12 mols. Instead of soap solutions, water-soluble 
salts of pure fatty acids or mixtures of these salts may be used.-®® Holmes 
and Williams use iodine as an emulsifying agent. Ether, amyl alco- 
hol, ethyl acetate or amyl acetate give an emulsion on shaking with water 
if a one per cent iodine solution is added to the water. These mvostiga- 
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tors assume that a film of adsorbed iodine is formed in the interface. 
Holmes and Williams state that they failed to obtain an emulsion with 
iodine in the presence of an excess of potassium iodide in the water. Thus 
iodine alone is best as an emulsifier. 

Hanseatische Miihlenwerke recommend the use of solid alkali 
instead of aqueous alkali solutions for preparing emulsions. Bohm and 
Haas®^ prepare an emulsifying agent by mixing lubricating soap and 
starch and adding finely divided potassium hydroxide. The Distillers 
Company, Ltd. (Langwell)^®® prepares aqueous emulsions by dissolving 
substances to be emulsified in organic solvents, such as amyl or butyl 
alcohol, ketones, esters, or Turkey-red oil, and adding salt solutions, such 
as sodium acetate or sodium chloride. The Chemische Fabrik vorm. 
Westend ®® indicates that hydrocarbon emulsions may be prepared by 
heating hydrocarbons with mineral acids containing anhydrides, espe- 
cially sulfuric acid or sulfurous acid, at temperatures at which the 
reaction product separates on top of the sulfonic acid and emulsifies to 
form stable emulsions. Berend®^ patented emulsion preparations from 
hydrocarbons, cresol, pitch, resins, tar and asphalt, in which a small pro- 
portion of concentrated waste sulfite liquor in water is used as emulsifier, 
to which is added gradually the insoluble substances to be emulsified, the 
resulting mass being agitated. McElroy ®“® prepares stable emulsions from 
linseed oil, tar oils, etc. The increased emulsifying power is due to the 
sulfite liquor preparation which contains a small percentage of a sul- 
fonated oil or a hydrocarbon as a protective colloid, as well as a small 
proportion of dissolved soda sludge. 

Knopf’s patent®*® refers to the conversion of certain solid or liquid 
substances into clear emulsions. The conversion is effected by oleic acid, 
which is saponified in the presence of alcohol, without heating, by means 
of a quantity of alkali insufficient for complete neutralization, and then 
mixed with the substances to be emulsified, with or without the addition 
of mineral oils or petroleum. Such oils may emulsify benzene, salol, 
thymol, naphthol, menthol and naphthalene. For example, 40 parts of 
oleic acid and 8 parts of 50-per cent caustic alkali solution are stirred 
into 20 parts of alcohol and naphthalene. 

McBain and Woo ®'’®* investigated spontaneous emulsification occur- 
ring in certain systems without the assistance of mechanical means. A 
paraffin oil containing one gram of lauric acid, on cautious introduction 
of a layer of 1/20JV sodium hydroxide, emulsified spontaneously. After 
a few days the system was centrifuged, and three layers containing all 
three components were obtained. These layers were a transparent sodium 
hydroxide, a paraffin-oil layer, and a milky turbidity. The effect may be 
demonstrated clearly by adding a dyestuff such as eosin to the oil. This 
type of emulsification is believed to be caused by local movements 
attributed to a decrease in the surface tension. On the other hand, col- 
lisions of diffusing molecules are of great influence. 
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Colloids 

Beijerinck states that emulsion formation may take place by mixing 
aqueous solutions of certain gelatinous colloids. Thornley, Tapping and 
Keynard heat petroleum or carbonaceous tarry pitch until liquefied 
and then add a hot, aqueous colloidal suspension of cellulose in a water- 
soluble alginate containing an alkali, such as ammonium hydroxide. The 
aqueous suspension is maintained at a temperature corresponding to the 
boiling point. Bender and Loesch^®'^? emulsified two immiscible oils, 
such as castor and pure paraffin oil, in a hydrosol. Stiff, stable paraffin 
emulsions result. Kirschbraun adds liquefied bitumen to a suspension 
of clay in water, and stirs the mixture at a temperature which prevents 
clumping; or the stiff emulsion is treated by a suitable method in order 
to liquefy it.*^*^ 

Some patents are concerned with the preparation of aqueous bitu- 
men* emulsions with bentonite. A preliminary investigation of the use of 
bentonite as an emulsifier for kerosene, red engine oil and furfuraldehyde 
has been carried out by English.^^® He states that emulsions made with 
tap water were more stable than those made with distilled water, when 
bentonite is used as the emulsifier. The fact that bentonite is a sodium 
clay yielding comparatively large percentages of sodium hydroxide on 
hydrolysis and capable of undergoing a base exchange in the presence of 
magnesium and calcium salt solutions suggests that it acts as an emulsi- 
fier, promoting the oil-in-water type of emulsion, especially in the case 
of sprayed emulsions.^^'^ At the same time, bentonite acts as a water 
softener and, therefore, is useful in cases of permanent hardness. Regard- 
ing cresylic acid, dual types of emulsions have been obtained. The prin- 
cipal objection to bentonite as a practical emulsifier and water softener is 
its impermeability to water. 

It is said ®® that Wyoming bentonite is widely and successfully used 
for stabilizing emulsions of many substances immiscible with water. 
Bentonite is more stable than soap because it is less affected by chemical 
changes in the solution. Four forms of Volclay bentonite are available 
for use in the preparation of emulsions, namely, fluid, paste, powder, and 
dry solid. For practical purposes, bentonite is prepared as a liquid paste 
or gel, as thick as stirring or mixing will permit, about 10-12 parts of 
bentonite to 90 parts of water. Bentonite is used in the manufacture of 
asphalt emulsions, that is, dispersions of asphalt in water. A stiff con- 
sistency of bentonite is desirable, because in mixing with the emulsion it 
counteracts the natural tendency of asphalt to coalesce. In the prepara- 
tion of an asphalt emulsion, the bentonite paste or gel is heated and the 
hot asphalt poured into it in a thin stream with continuous stirring. The 
final proportions of a fairly thick emulsion are 10 parts of bentonite, 90 
parts of water and 250 parts of asphalt. 

The Chemische Fabrik vorm. Wiernick A.-G."^® suggests substances 
such as clay, fuller's earth and colloidal iron hydroxide as emulsifiers. 
They are added with stirring, the colloidal compounds breaking off on 
heating. Not only the emulsifier itself, but also the conditions under which 
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it is added are of great importance in the preparation of emulsions. Grund- 
lach^®^ prepares emulsions by using melted bitumen mixed with a col- 
loidal suspension in a container under pressure higher than atmospheric; 
depending on the resulting mixture, the pressure may be still higher. 

Nohl "*-^ patented an emulsifying agent obtained by kneading finely 
divided substances free from fats and rich in proteins, drying, and moder- 
ately heating until clots formed; large proportions (about 40 per cent) of 
highly concentrated sodium hydroxide solution were used, without the 
addition of water. The emulsifier so prepared may be used as an inter- 
mediate constituent of soap to increase its emulsifying action. 

Delco Co. (Walsh recommends using dry, finely divided alginates 
as emulsifiers. These alginates are soluble in water, and their viscosity 
remains unchanged. Kadmer discusses the application of soap, Turkey, 
red oil, triethanolamine and lanolin as emulsifiers. Barnes considers 
lanolin to be well suited for emulsification after treatment with a mixture 
of ethyl acetate and alcohol, separation of the insoluble substances, and 
evaporation of the solution. Uddeholms Aktiebolag (Mayer succeeded 
in emulsifying with oil of turpentine by mixing the components of an 
aqueous emulsion at high temperature. 

Kadmer suggests emulsifiers such as soaps, lanolin and other emul- 
sifying agents for the emulsification of systems containing oils, fats, waxes 
and resins. Hubmajer prepares stable aqueous emulsions from hydro- 
carbons, oils and waxes by using as emulsifiers proteins, agar-agar and 
saponin, which decrease the interfacial tension, and gum arabic or 
tragacanth, which increase it. Glue and starch pastes are considered 
especially suitable, and the addition of borax or Glauber^s salt for stabiliz- 
ing is recommended. The Deutchc Hydrierwerke A.-G.®^ use dihydro- 
dioxylene in their emulsification method, together with soaps or soap-like 
substances, such as resin soaps, Turkey-red oil and organic sulfonic acids. 
The Imperial Chemical Industries, Ltd.^®'* prepare aqueous emulsions from 
strongly sulfurized linseed oil by using as emulsifiers small proportions of 
tannin, gallic acid, or tannic acid. The Imperial Chemical Industries, Ltd. 
(Hailwood, Shepherdson and Stewart make aqueous emulsions by 
mixing the substances to be emulsified with gelatin, gum arabic, or urea, 
dissolved in thiourea or alkaline nitrate solutions. Knaggs claims 
that deaminized gelatin of various origins is a good emulsifier. Wood- 
man used lecithin as an emulsifier in preparing emulsions of (1) hydro- 
carbons, chloroform, carbon tetrachloride, olive oil and linseed oil; (2) 
oleic acid; and (3) anilin and its homologs and phenol. The first produced 
dual emulsions; the second, water-in-oil emulsions, and the third, oil-in- 
water emulsions. Latimer-Goodwin Chemical Co. (Goodwin used 
casein admixed with gamboge and alcohol, as well as an alkaline agent, 
such as soda. Canadian Industries, Ltd. (Banbury and Clark®®) prepare 
emulsions of sulfurized fatty oils by sulfonating at high temperature, 
adding 0.5 per cent tannin or gallic acid, and mixing the product with a 
slightly alkaline casein solution. 

The Chemische Seifenfabrik vorm. R. Baumheier A.-G."^^ suggests 
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preparing emulsifiers either by mixing alkalies or the ammonium salt of 
casein with resins, as well as with fatty-acid soaps, or by simultaneous 
saponification of casein and resins with alkalies, especially ammonia, 
which swells casein. After stirring until a viscous mass is formed, the 
emulsifier is subjected to ripening for many hours. Woodman, dis- 
cussing the use of proteins and related substances as emulsifiers for 
phenolic solutions, points out that proteins, protein-containing substances 
and their decomposition products yield two types of emulsions with 
phenols. The oil-in-water type is formed only with a hydrocarbon, such 
as toluene. Woodman believes that the formation of gels in certain 
systems is indicative of the fact that the presence of water is necessary 
before emulsoids can emulsify, because their swelling in w^ater is essential. 

Brown and Lum prepare agar agar-paraffin emulsions by using as 
emulsifier a mixture of one g sodium acid carbonate, 2 g tragacanth 
and 6 g gum arabic in 30 cc glycerin and 1 .7 g agar-agar dissolved in 80 cc 
boiling water, added with stirring. Woodman ‘*^ 1.443 toluene, chloro- 
form, carbon tetrachloride, oleic acid and various lecithin preparations for 
emulsifying light petroleum, explaining the presence of both types of 
emulsions by the active substances present in the emulsifier used. The 
Sociedad Anonima Papeteries Navarre prepares emulsions of a dry oil 
by using an alkali resinate solution treated with ammonium sulfate. 
Deiglmayr recommends the use of pectin or pectin-containing sub- 
stances in the presence of fructose, sucrose, or mannose in the preparation 
of highly concentrated, stable, aqueous emulsions of oils, fats and waxes. 

Vishnevskaya and Kniga investigated the emulsifying ability of 
benzene in water with agar-agar, saponin, albumin, pectin, gelatin, lecithin 
and casein. By plotting in triangular cocirdinates, emulsification and 
coagulation ranges were obtained. High concentrations of sugar were 
found to favor emulsification, but tAvo of the emulsifying agents, i.e., 
lecithin and casein, decreased the stability of the emulsion under certain 
conditions. If emulsifiers are arranged according to their ability to 
emulsify, the following sequence for decreasing emulsification is obtained: 
agar-agar, albumin, gelatin, saponin, casein and pectin. With regard to the 
minimum concentration necessary to produce an emulsion, the sequence 
is as follows: saponin, casein, gelatin, agar-agar, pectin and albumin. In 
the first series, the height of the emulsion layer in the graduate serves 
as a measure of its emulsifying ability, while in the second series, emul- 
sification is calculated from surface-tension measurements taken at the 
liquid/liquid and liquid/gas boundaries. 

Ermolenko and Guterman report a study on the emulsifying action 
of bile on different systems such as benzene-water, sunflower oil-water, 
fish oil-water and paraffin oil-water, as well as of egg-yolk on the system 
benzene-water at 15°. Both readily effect emulsification. In the case of 
bile, the action is greater the difference in polarity of the two immiscible 
liquids.^^®* 

Many data regarding hydrophilic colloids which may serve as emul- 
sifying agents have been recorded in the literature. Among the most com- 
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monly recognized solid emulsifying agents of this kind are: basic salts of 
iron, copper, nickel and aluminum, lime, hydrated iron oxide, arsenous 
sulfide, silica, calcium sulfate (plaster of paris) and clay. Carbon black, 
soot and mercuric iodide may be considered as hydrophobic emulsifiers. 
When an emulsion is formed with a hydrophilic emulsifying agent, the 
addition of the proper percentage of a hydrophobic agent breaks it down. 
When both t3rpes of emulsifying agents are present in equal proportions, 
one neutralizes the emulsifying action of the other. The free carbon con- 
tained in tar is the emulsifying agent which causes the formation of emul- 
sions in which water is the disperse phase. The resistance of emulsions is 
not the same for all tars with a given percentage of free carbon. The 
emulsifying effect of carbon changes also for each of the oil constituents, 
as well as for water. In general practice, it is known that the most 
stable emulsions are formed from tars containing the largest percentage 
of saturated oils. There is also an optimum proportion of carbon which 
favors the formation of stable emulsions containing a high percentage of 
water. This optimum content also is not the same for all oils and tars. 
The finely divided, insoluble solid particles are more readily wetted by oil 
than by water. 

Schlaepfer used carbon black as an emulsifier for preparing kero- 
sene, turpentine, benzene and toluene emulsions. The order in which the 
constituents of the emulsion are added does not affect the product 
obtained. The Flintkote Co.^^s claims emulsions of bitumen, liquid 
or solid hydrocarbons, natural or artificial resins, waxes and stearins 
prepared by the addition of mineral or drying oils or fatty acids with 
insoluble powdered mineral substances, such as colloidal clay, as emul- 
sifiers, to which alum was added to regulate the pH concentration. 
Bechold, Dede and Reiners entertain the belief that the emulsifying 
efficiency of an insoluble powder is affected by the presence of a suitable 
solute in one of the liquids; for example, pure benzene is not emulsified 
in distilled water by a powdered clay, w'hereas an emulsion does result 
on adding a drop of pyridine, nitrobenzene, amyl alcohol, ethyl alcohol, 
acetic acid, sodium hydroxide, barium chloride, or sodium nitrate. 
Redlich states that highly concentrated aqueous emulsions may be 
prepared by intimately mixing a powdered inorganic gel of high absorp- 
tive capacity, such as aluminum oxide or ferric oxide, but not silicon 
oxide, with enough of the liquid or the solution to be emulsified to exhaust 
its emulsifying ability, and then stirring in water. 

Resin Soaps 

Collier found that a soap prepared from resin to which sodium 
hydroxide had been added has valuable emulsifying properties. Six 
parts of resin are boiled in a solution of one part of sodium hydroxide 
for 2 hours. Cooling causes the soap to precipitate as a jelly-like mass 
from which the water is pressed and which is then dried on a water bath. 
The soap obtained is soluble in alcohol and water, and precipitates from 
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the solution without forming a gel. Resin soaps act more energetically 
than oil soaps. Coal-tar is easily emulsified by a resin soap added in 
alcoholic solution. Hydrocarbons and their derivatives, as well as 
mineral and tar oils, may be emulsified by resin soaps. Emulsions of an 
optional concentration are obtained by shaking or stirring with a small 
amount of the emulsifying liquid in the presence of a large amount of 
water, or with such a dilute alkali that the excess water is sufficient to 
maintain the resin soap in a stable solution. Barnold, Ltd.^^ made a 
mixture of tar, pitch, or bitumen by using an insufficient amount of tar oils 
to dissolve a mixture of casein, resin, sodium hydroxide, and water. 
Goodwin^s patent deals with making emulsions with certain substances 
known as gum resins, for instance, olibanum (frankincense), and in 
particular gamboge. Gamboge is a gum resin used as a yellow pigment. 
Initially, alcohol is added to the oil to be emulsified, together with enough 
water to form a creamy emulsion. The addition of oil and water is con- 
tinued until the total amount of both has been incorporated. After 
heating to complete saponification, the tar mixture is then added very 
slowly to the hot solution of the casein and resin soap. 

Asphalt Cold, Ltd.^^ also proposed to emulsify by means of resin and 
dilute alkali solutions. Texas Co.^^® mixed a mineral oil with sodium 
resinate and phenol in suitable proportions in order to produce an emul- 
sion. Bendixen, Buchner and Uhele^® used as emulsifiers salts of the 
higher chlorinated fatty acids, resin acids, whale oil, fatty acids, etc. 
Emulsification can be carried out by a small addition of resin, espe- 
cially in oils of high acidity. A phenol content of about 30 to 35 per 
cent can be reached, which is not possible with resin soap, because poor 
emulsions result therefrom. Additional amounts of a phenolic oil added 
to an emulsion give a product miscible with water. Hart and Co., 
Ltd.^®® patented a method for preparing an emulsifying agent for all kinds 
of oils (animal, mineral, and vegetable). Resins, soaps, oleic acid, 
cocoanut oil, methyl or ethyl alcohol, glycerin, glue, or other colloidal 
substances and alkalies are used, e.g., 4 parts resin (sp gr 1.004-1.1), 
16 parts soap, and 8 parts methyl alcohol. The products are prepared 
as liquid pastes or in solid form, and diluted with water. The Konigliche 
Stearinfabrik vorm. Gonda patented a dust-binding medium prepared 
by emulsification in water of high-melting hydrocarbons or bitumens or a 
mixture of both by means of resin acids, fatty acids or oxy-fatty acids 
or naphthenic acids. The resulting material is mixed with an emulsion 
which is obtained from the tar residues of petroleum refining, bitumens, 
etc. by using albumin substances as a dispersion medium. Thompson and 
McGivern^^^’'*^^ use liquid resin made of cellulose or sulfite and a 
caustic alkali. A solution of alkali is added to a mixture of liquid resin 
and melted bitumens and the whole is stirred together to form an emul- 
sion. Rasser discusses savonade as an emulsifier. Savonade is a 
Hexalin soap, Hexalin containing an oil which by saponification turns 
easily into savonade, a simple and cheap emulsifier. 
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Water-soluble Gums 

Wiemick Co. use two emulsifying agents at the same time, 

namely, a vegetable gum and algae slime, for preparing aqueous emulsions 
of paraffins. Very stable emulsions result. Disney and Kernot produce 
emulsifying agents for tar, pitch, bituminous materials, vegetable oils and 
others consisting of resins or other saponifiable material and- glue or 
gelatin, treated with dilute alkali or acid liquids.^®- Stiff, stable emul- 
sions of paraffin are obtained, according to Gliicksmann,^*^ when 70 kg 
of paraffin are added to a solution containing one kg of agar-agar, 25 kg 
of water, 0.5- 1.0 kg of gum arabic swollen in water, 6-8 kg of sugar and 
one kg of swollen gelatin. 

Organic Compounds 

It is generally known that relatively highly polar and ionized con- 
stituents of oils are of most importance in determining the emulsifica- 
tion characteristic of an oil. If the hydrocarbon group is short, making 
the molecule more polar and more water-soluble, its efficiency as an emul- 
sifying agent should be less. If the hydrocarbon group is long, making 
the molecule less polar and more oil-soluble, its efficiency as an emul- 
sifying agent again decreases. Thus fatty acids and their derivatives, 
whose ratio of polar moment to molecular weight lies between certain 
limits, should be considered the most efficient emulsifying agents of their 
kind, which actually is the case. 

Kosters^®* patented the use of an amide of a higher fatty acid, 
e,g,f stearic acid, or an acyl derivative of an aromatic base, such as the 
anilide of stearic acid, as emulsifiers which, when boiled with water, 
are introduced into the oil or fat to be emulsified in the presence of a salt 
of a higher fatty acid, A complete and homogenous emulsification is 
obtained with either the amide or the anilide, depending upon the dilu- 
tion, when the emulsion is cooled. These emulsions remain stable when 
cold, as well as at boiling temperatures. These emulsifiers increase the 
tendency of a fat to take up water, even when a small proportion of the 
substance is added. The limit of incorporating water is only about 20 
per cent above that at which a mixture of fat and water is formed. 

The I. G. Farbenindustrie reports the emulsification of 

light mineral oils with water by means of soaps and hydrated phenols; 
wool-grease. Montan wax, acetone and sulfonated alkyl naphthalenes 
may also be used as emulsifiers. Richardson and Griffin proposed 
a modified method for producing oil emulsions in the cold by adding 
cresylic acid or cyclohexanol. Merriirs patent deals with the forma- 
tion of relatively stable emulsions by compounding an aliphatic hydroxyl 
derivative with naphthenic soaps and dispersing the product obtained in 
water. These emulsions apparently retain their permanence regardless 
of the extent of dilution. Stable oil emulsions have Been prepared, using 
a bismuth salt of a fatty acid dissolved in a volatile organic solvent, 
mixing the solution with water and oil, and removing the solvent by 
distillation.*^ 
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von Boyen^^^“'^ 2 ib prepared Montan wax from the bitumen 
extracted from dried Thuringian lignite with volatile solvents.^®^* On 
being distilled with superheated steam, after having been freed from the 
solvent, this bitumen yields under ordinary pressure a white hard mass, 
melting above 70°, and consisting of a mixture of fatty acids and a hydro- 
carbon. This hydrocarbon appears to be a decomposition product, for on 
distilling the extracted bitumen with superheated steam in vacuo, a 
product consisting of montanic acid and an alcohol is obtained. This 
alcohol, when separated from the acid by pressing from the hot solution, 
has been found useful as an emulsifying agent.^®^ 

Hey used as stabilizers a halogenated phenol, a carbohydrate, 
allyl alcohol, lignite, wax, glycol, glycerin, cyclohexanol, glucose, fructose 
and dextrin. The I. G. Farbenindustrie states that aryl dihydro- 

gen phosphates or diaryl hydrogen phosphates or their salts may be used 
alone or with other emulsifiers to produce emulsions of non-phenolic 
organic compounds, in which they are substantially insoluble. For 
example, oleic acid in water, aniline in water, cyclohexanone and benzene 
in water, sodium ditolyli)hosphate and sodium dicresylphosphate are good 
emulsifiers. 

Gross and Engclstad produced emulsions of heavy hydrocarbons, 
such as coal tar, mineral oil, or distillation residues, with concentrated 
solutions of oxy-lignin derivatives, obtained by treating wood with sul- 
furous acid, or with the condensation or oxidation products of such 
derivatives. Pectin or pectin-containing substances may also be used 
as emulsifiers. Alkaloids, related to heterocyclic compounds, chiefly 
quinoline and pyridine,^®^ are useful in the emulsification of heavy 
mineral oils. These hydrocarbons or carbocyclic compounds have a 
neutral reaction toward both acids and alkalies, which affects these 
alkaloids in such a manner that they emulsify without being heated when 
a small percentage of ammonia is added to produce a weak alkaline 
solution. These emulsions have a broad application, principally for 
mechanical purposes, such as lubricants, dust binders, etc. The quinoline 
or pyridine-alkaloidal bases,^-^ taken in a ratio of 1 : 1000, are heated in 
the presence of an inorganic or organic base or salt to produce a slightly 
alkaline reaction with the heavy hydrocarbons reduced in density by the 
addition of light hydrocarbons. The mixture forms a stable emulsion 
with water. 

High molecular weight alcohols and ketones,®'^^ insoluble in water, 
with or without hydrocarbons, may be compounded with alkali salts of 
tetrahydronaphthalenc sulfonic acids or their derivatives. Also, by 
means of the alkali salts of tetrahydronaphthalene sulfonic acids, large 
quantities of the higher alcohols, such as cyclohexanol or amyl alcohol, 
may be kept in solution. These solutions will hold considerable propor- 
tions of hydrocarbons, fats, oils or rosins in the form of emulsions. 

According to Krannich,-®® emulsions of organic substances, except 
those containing the phenolic hydroxyl group, in organic or inorganic 
solutions may be obtained by treating them with liquids in the presence 
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of aryl acid esters or phosphoric acid esters. Esters of organic acids or 
their substitution products with oxy-amincs, as well as their derivatives, 
or condensation products, polyvalent alcohols and iso- or heterocyclic 
amines also serve as emulsifying agents. It has been claimed that oil 
emulsions made with these emulsifiers are not influenced by dilution, by 
changes in temperature, or by action of acids or lime. 

Montanwerke A.-G. (Riebiesche emulsifies phenols or creosote oils, 
as well as crude mixtures obtained from various types of tars, with such 
organic bases as pyridine and quinoline derivatives, amines, and aniline. 
Briggs and Schmidt suggest dyestuffs as emulsifiers. Mention is made 
of Congo red, which has the property of forming a colloid. Perhaps it 
is of interest to compare its action with that of other dyes forming true 
or semi-colloidal solutions. The fact that methyl violet added to the 
water phase in a water-benzene system produces foam when agitated is 
considered proof that it may act also as a strong emulsifier for benzene. 
These investigators experimented with a one per cent methyl violet solu- 
tion, but were unsuccessful in obtaining an emulsion. Although a con- 
centration of the dye occurs in the interface, it is not suitable for the 
emulsion formation. It may be possible that certain dyestuffs are suit- 
able for this purpose; but the fact that foam formation is promoted by a 
certain substance should never lead to the conclusion that this substance 
favors promotion of emulsion formation, because foams and emulsions are 
not identical, but are analogous only to a limited extent. 

Melamid emulsified hydrocarbons and fatty substances with 
aniline or its homologs either alone or mixed with hydrocarbons, soaps, 
soap-substitutes, or such emulsifying agents as alcohols, phenols, cresols, 
naphthols, cyclic hydrocarbons, or pyridine bases. Kizber recommends 
a new saponifier-emulsifier for fats which, when taken in large quantity, 
act«^ as efficiently as Twitchel^s and Petrow^s contact catalyzer; but the 
fatty acids so obtained are somewhat darker than usual, except the 
glycerides, which are lighter. When stearic acid is distilled, some of the 
undecomposed fats remain as a Vaseline-like residue, which is a thick, 
black oil, soluble in ether and petroleum ether, and when sulfonated, 
forms an emulsifier. To 100 g of the residue is added in small amounts a 
mixture of 50 g of oleum and 50 g of sulfuric acid (sp gr 1.84) during a 
period of 20-30 minutes at 38-40,° and the product formed is allowed to 
stand over night. 

Merrill Co.^^^ prepared an emulsion from 80 parts castor oil, 19 parts 
water and one part triethanolamine. Hercules Glue Co. (Lindstaedt 
produces oil emulsions using as emulsifiers the amino salts of fatty acids 
dispersable in the oil-phase as well as in the water-phase. The H. Th. 
Bohme A.-G.^^^ consider castor oil, the butyl esters of sulfuric acid, 
oxystearin and the fatty acid of sulfonated whale oil, as well as the 
isopropyl ester of ricinoleic acid, to be emulsifiers. The Gesellschaft f. 
Chemische Industrie (BaseP^^*^^^) use as dispersion agents the tertiary 
ammonium compounds of unsymmetrical acylated diamines, such as 
octylaminoethyl^ethylbenzyl ammonium chloride or methyl sulfate. 
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The I. G. Farbenindustrie makes use of products, obtained by 

the esterification or splitting off of water from amines containing the 
hydroxyl group with organic carboxylic acids, mixed with soaps to pro- 
duce emulsification. 

The I. G. Farbenindustrie A.-G.““^ prepares emulsifiers by treating 
conversion products of aliphatic acid chlorides or anhydrides having at 
least 6 carbon atoms with high molecular weight oxy-fatty acids or 
their derivatives, and sulfonating either simultaneously or in succession. 
The high molecular weight aliphatic-hydroaromatic, or aliphatic-aro- 
matic hydroxyl compounds with aliphatic-aromatic sulfonic acids con- 
taining either the hydroxyl or a halogen group, or their derivatives, may 
serve as emulsifiers.^^^ Other patents deal with the prepara- 
tion of emulsifiers from derivatives of polyvalent alcohols or from 
aliphatic-aromatic compounds with one or more aliphatic hydroxyl groups 
or ethylene double bonds. According to A. G Seifenfabrik (Zurich) 
(Steinfels 2), emulsifiers may be mixtures of high molecular weight 
alcohols insoluble in water or hydrated phenols, such as cyclohexanol, 
with high molecular weight hydrotropic aliphatic compounds having not 
less than 6 carbon atoms and either an oxy- or an amino-group or both, 
e,g,y triethanolamine or its salts. 

The I. G. Farbenindustrie A.-G.^^® uses mixtures of condensation 
products of higher fatty acids wdth ammonia, aliphatic or heterocyclic 
amines, their derivatives or substitution products and true sulfonic 
acids of the aliphatic or aromatic scries, especially those with a high 
wetting and dispersion ability. The Chemische Fabrik vorm, Sandoz 
indicate as emulsifiers those made up of mixtures of monoaryl ethers of 
polyvalent alcohols, such as monoaryl glycol and monoaryl glycol ether, 
with soaps or sulfonated oils, fats or fatty acids, salicylic acid, ben- 
zylidene anilines (SchifT^s bases), or sulfonic acids. The I. G. Farben- 
industrie A.-G.2®2 considers the product of esterification of the car- 
boxyl group in oleic acid by sulfo-acetic acid suitable as an emulsifier. 
A solution of a polymerized carboxylic acid, such as polyacrylic acid, or 
a polymerized mixture of acrylic acid and acrylic acid nitrile or styrene 
as an emulsifying agent is the subject of another patent. 

Emulsifying agents may be prepared by converting cycloaliphatic 
or hydroaromatic oxy- or halogen-sulfonic acids or their salts with high 
molecular weight fatty acids or their derivatives or salts in the presence 
of organic solvents. Emulsifiers prepared either from aqueous solutions 
of amines having an alkyl or cycloalkyl group with at least 8 carbon 
atoms, one hydroxyl group, a double bond, or an amino group in the 
above-mentioned compounds, or by sulfonating a mixture of aromatic 
hydrocarbons and aliphatic alcohols with not less than 3 carbon atoms 
or cycloaliphatic or aliphatic-aromatic alcohols in amounts of 2.2-4.0 
mols for one mol hydrocarbon are patent bv the I. G. Farbenindustrie 
^.Q 220,22T 

The conversion of higher fatty acids in the presence of acid-binding 
agents, such as pyridine, dimethyl aniline, or calcium carbonate, together 
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with aliphatic, aromatic, hydroaromatic, amino or imino sulfonic acids 
or their salts in solution results in the formation of emulsifiers.^^® The 
I. G. Farbenindustrie A.-G.-®® recommends as an emulsifier a crude paraf- 
fin oxidized at 70-80° with 60-perr cent nitric acid, an oxidation product 
containing 5 per cent of unsaponifiable material being obtained. This 
material is saponified with sodium hydroxide under pressure at 200,° 
acidified and distilled twice in vacuo to reduce the unsaponifiable content 
in the product to 1.5 per cent. The esterification product of sulfo-palmitic 
acid with ethyl, propyl, butyl, or amyl alcohol may serve as an emulsi- 
fier.-®^ The I. G. Farbenindustrie A.-G.®®- prepares emulsifiers by con- 
verting carboxylic acid halides or anhydrides with methyl amino sulfonic 
acids, their derivatives or their salts, in the presence of alkyl diluents, 
which results in the formation of acid amides. 

Condensation or esterification of ethers of oxalylamines with high 
molecular weight fatty acids causes the formation of an emulsifier 
199,200^ The Imperial Chemical Industries, Ltd. (Banbury and Mc- 
Glynn ®®®) suggest as an emulsifier tallow estcrified with polyvalent 
aliphatic alcohols, such as glycerin, in the presence of catalysts, and 
sulfonation of the product obtained in the presence of a solvent. In 
another patent, the Imperial Chemical Industries, Ltd. (Baldwin and 
Hailwood prepare emulsifiers by using the alcoholate of a saturated 
or an unsaturated alcohol containing at least 6 carbon atoms with the 
alkali salt of /?-halide ethane sulfonic acid. Emulsifiers are obtained, 
according to the I. G. Farbenindustrie A.-G. (Beller and Luther ^ by 
chlorinating the oxidation products of paraffin hydrocarbons or waxes, 
alone or in a mixture. As a suitable solvent is considered one having a 
chlorine content up to 40 per cent of the original material at a temperature 
below 100°, whereby resin formation is retarded; the product is neu- 
tralized with basic reagents. 

Emulsifiers are prepared from neutralized or saponified oxidation 
products of paraffinic hydrocarbons in which water-soluble salts are 
present. Agthe ® recommended the preparation of an emulsifier from 
glue-like substances, such as casein, difficultly soluble in water, which are 
made soluble by salts of organic sulfonic acids, carboxylic acids, and their 
respective salts, with the exception of pyrophosphoric acid and its salts. 
The Deutsche Hydrierwerke A.-G.®® claim the polyricinoleic acid amide, 
arylide, as an emulsifier, as well as a stabilizer in emulsification processes. 
The I. G. Farbenindustrie A.-G. (Luther and Beller 2 ^®) prepares an emul- 
sifier from the oxidation products of liquid hydrocarbons boiling above 
180°, treated with a saponifying agent. Finely dispersed soybean flour 
in an aqueous alkali solution containing sulfur derivatives of carbon, 
especially carbon disulfide, forms an emulsifier.^®® 

Nishizawa and Inone,®-^’®^® discussing the emulsification ability of 
three types of Twitched reagents prepared from naphthalene, benzene and 
phenol, respectively, pointed out its relationship to the action of different 
electrolytes. The Twitched reagents prepared from naphthalene and 
phenol show greater emulsification capacity after addition of the sodium 
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salts of naphthalene and phenol, but with small percentages of benzene, 
the opposite is the case. The addition of glycerin,or fatty acids increases 
emulsification. 

The Imperial Chemical Industries, Ltd. (Hailwood and Todd 262 , 20 . 3 )^ 
proposed an emulsifier for the dispersion of mineral oils and fats con- 
sisting of quaternary ammonium salts containing the alkyl or alkylene 
radicals with at least 10 carbon atoms and the organic hydroxyl group 
as contained in dodecyl, tetradecyl, hexadecyl, or octadecyl ammonium 
halogenide. According to Goldthwait,^^^ oils can be emulsified with a 
strong soap solution, calculating 40 per cent of the latter to the amount 
of fatty acids designated. Hexalin in soap solutions effects emulsifica- 
tion.^®®'^®® The I. G. Farbenindustrie A.-G.^®® use as an emulsifier the 
product obtained from 95 parts monoethanolamine sulfuric acid ester 
dissolved in 200 parts of water, 110 parts of 50-per cent sodium hydroxide, 
and 190 parts of stearic acid chloride mixed together at 10°, the sodium 
salt of stearic acid oxyethylamide sulfuric acid ester, of the formula 
Ci 7 H 35 C 0 .NH.CH 2 .CH 2 . 0 .S 03 Na, being obtained. 

The I. G. Farbenindustrie A.-G.-®® prepares emulsifiers by the con- 
densation of the halogenated fatty acid halides having at least 10 carbon 
atoms with a compound of the general formula HN(X)-Riy, or OH-RiF, 
where X is hydrogen or an alkyl-cycloalkyl, aryl, or an aralkyl group; 
jBi, an alkyl-cycloalkyl or an aryl group, and F, a sulfuric acid ester or 
a sulfonic acid group: for example, the sulfo-ester of the formula 
C17H31Cl4CO.NH.C2H4O.SO3H, corresponding to the fatty acid com- 
pound of the general formula R.CO.N (X) .RiY, or R.CO.RiY. in 
which R.CO represents the fatty acid group; at least one halide atom is 
introduced into the fatty acid group, the stearic acid being chlorinated to 
tetrachlorstearic acid chloride, condensed with monethanolamine sulfuric 
acid ester and stirred with a dilute sodium hydroxide solution. 

Higher alcohols and ketones, alone or in combination with hydro- 
carbons, or with alkaline-reacting salts, such as alkali carbonates, borates, 
or silicates, together with the salts of aliphatic sulfonic acids, are con- 
sidered as emulsifiers.®® Hunddiecker and Vogt^"^® claim as dispersing 
agents non-substituted hexamethylenetetramine alkylates, or arylates 
with any desired acid ion, to produce emulsions in hard water. Hexa- 
methylenetetramine combines with halogen alkyls or aryls to form addi- 
tion products, the behavior of which indicates a constitution of salt-like 
type. In most cases they dissolve readily in water and as typical 
electrolytes are almost completely dissociated therein. In such a case 
the halogen plays the part of the anion and can be readily exchanged 
for other negative ions, c.g.y sulfate, nitrate, acetate, benzene sulfonate, 
etc. Resinous Products and Chemical Co.®®® prepares an emulsifier by 
condensing an aliphatic hydroaromatic or naphthenic carboxylic acid 
amide containing from 8 to 30 carbon atoms with formaldehyde and a 
secondary amine having less than 7 carbon atoms, by heating in an inert 
solvent, dioxan, in the presence of a basic catalyst, such as sodium car- 
bonate. 
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Bennett makes an emulsifier from glycol or ethylene glycol estcri- 
fied with fatty acid containing at least five carbon atoms, especially 
stearic acid in excess, in the presence of an alkali catalyst. The 
Chemische Fabrik vorm. Sandoz claims as an emulsifier a mixture 
of isomeric monoxylenyl glycol ethers obtained by the action of glycol 
monochlorhydrine on a mixture of isomeric xylenols, n-butanol, and a 
sulfonating agent. The mixture of monoxylenyl glycol ethers is treated 
in one of two ways: (1) first with a sulfonating agent, the reaction 
product being condensed with n-butanol, or (2) first condensed with 
n-butanol, the condensation product being treated with a sulfonating 
agent. The emulsifier is a brownish, viscous liquid soluble in water, with 
a neutral reaction. 

The I. G. Farbenindustrie considers ketones prepared from 

high molecular weight unsaturated acids as material for obtaining emul- 
sifiers. Emulsifiers also may be obtained from urethanes containing 
either hydrogen atoms in their nitrogen group; or aliphatic, cycloaliphatic, 
aromatic, heterocyclic, or alcohol radicals with one or more double bonds 
or three single bonds ; or aromatic or heterocyclic rings. 

Triethanolamine alone, or in combination with oleic acid, acts as an 
emulsifier in various emulsification methods.^^®*^^® Wilson^®® claims 
that triethanolamine, as the basic constituent of soaps, is well adapted 
for the emulsification of soluble mineral oils, vegetable oils, animal oils 
and waxes. Triethanolamine is an organic base related to ammonia. 
Like ammonia it reacts with acids in molecular proportions to form 
salts, e.g., triethanolamine chloride, NH(C 2 H 40 H) 3 C 1 , showing that only 
the amino group is alkaline. Triethanolamine differs from ammonia in 
several respects; namely, it is a high-boiling liquid, mildly alkaline and 
very soluble in organic solvents. When an oil solution of a fatty acid is 
added to a water solution of triethanolamine, an emulsion is formed 
immediately. About 6 to 20 per cent of the fatty acid, including any 
free fatty acid naturally occurring in the oil, is dissolved in the oil and 
the solution mixed with a 2- to 8-per cent water solution of triethanol- 
amine. 

Orelup prepares emulsifying agents by treating the hydroxyalkyl- 
amides derived from monoethanolamine, monobutanolamine, or monopro- 
panolamine and fatty acids containing 10 to 18 carbon atoms with an 
amount of monohydrated sulfuric acid at least equal to, but not exceed- 
ing, twice the amount of the hydroxyalkylamide at 30-35° C. Fatty acid 
mixtures, in which fatty acids with 10 to 18 carbon atoms predominate, 
may replace the fatty acids. Other sulfonating agents may replace the 
sulfuric acid, provided, the corresponding stoichiometrical proportions are 
used. 

Sulfamides, originating from high molecular weight aliphatic sulfo- 
chlorides by the action of ammonia or amines of the aliphatic series, serve 
as emulsifiers in various industries.^®^ Bratke^^*^®® recommends beech- 
wood tar distilled at 200°, benzoic acid, sodium salicylate, cresol, xylene, 
guaiacol, or creosote as emulsifiers for aqueous emulsions of oils, fats, 
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waxes, resins and asphalts. Dupont prepares emulsifiers by: (1) 
esterification of abietinic acid or its salt with halogenated alkyl or cyclo- 
alkyl sulfonic acid; and (2) by treatment of high molecular weight 
unsaturated aliphatic hydrocarbons containing not less than eight carbon 
atoms and having a stable bond with a sulfonic acid halide in the presence 
of a catalyst which transfers the halide. The product obtained is treated 
with a hydrolyzing agent. 

Kropfhamrncr prepares emulsions from monoglycol ether in combi- 
nation with soaps converted into water-soluble form. In the same patent, 
it is also claimed that 100 parts of the potassium soap of linoleic acid, as 
well as of naphthenic acid, in a homogeneous mixture with 100 parts of 
butyl alcohol serve to emulsify 500 parts of mineral oil. The 1. G. Farben- 
industrie A.-G. (Beller and Pfaff-**^) prepares emulsifiers from mineral 
and tar oils. LaFarge and Chanut use as an emulsifier a homogeneous 
mixture consisting of an oil, whose specific gravity is less than that of the 
substance to be emulsified, and a solvent, like trichloroethylene, chloro- 
form, carbon disulfide, carbon tetrachloride and an aqueous solution of 
ammonia; nicotine, p-dichlorobenzene and nitronaphthalene may be 
added likewise. 

Stable water-in-oil emulsions are claimed to be obtained with a 
mixture of emulsifiers, one component of which has a colloidal cation and 
the other a colloidal anion. Emulsifiers of the first kind are quaternary 
ammonium compounds, such as salts of pyrimidine and long-chain ali- 
phatic ammonium compounds, as well as alkyl isothiourcates. Emulsi- 
fiers of the second kind are high molecular weight aliphatic sulfonated 
products, fatty acids, carboxylic acid, or aromatic sulfonic acids of capil- 
lary-active nature. For example, 700 g of paraffin oil arc dispersed in the 
cold in water with 140 g of the alkali salt of dodccylsulfuric acid ester in 
a rotary stirrer, and a 40-per cent solution of technical lauryl pyrimidine 
bisulfate added until the pasty mixture becomes viscous. Either a posi- 
tive or a negative charge is given to the final product, after driving off the 
water by heating, by adding one or the other of the dispersing agents. 

Bratke-^^ uses, as emulsifiers for preparing aqueous emulsions, mix- 
tures of benzoic acid, sodium salicylate, cresol, xylenol, guaiacol and 
creosote dissolved in water to which 0.01 per cent of an alkali has been 
added. Naphthenes obtained by destructive catalytic hydrogenation at 
750° F under 3500 Ibs/sq in pressure are especially suitable for the 
preparation of emulsifiable oils, such as Colombian or Pecos. When 90 g 
of the resulting product is mixed with 2.5 g of triethanolamine oleate and 
7.5 g of oil-soluble sulfonate, an emulsifiable oil is obtained.**^^ 

According to Harris,^ non-alkaline, aqueous oil emulsions may be 
obtained by using as emulsifiers the esters of hydrophilic compounds of 
the general formula {RO) vX (OH) w, where R is an alkyl group with at 
least six carbon atoms, and X, either a polybasic or an etherified ali- 
phatic alcohol with at least four carbon atoms, such as glycol, mannitol, 
sorbitol, etc. Compounds such as (1) monostcarylglycol, (2) mono- 
stearylglycerol, and (3) diglycerol correspond to this formula whereby 
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the hydrophilic property increases according to sequence, i.e., from (1) to 
(3), because of the accumulation of hydroxyl groups, whereas for (4) 
monolauryl, (6) monostearyl, and (6) monomellissylglycerol, the hydro- 
philic property decreases as a result of an increase in the length of the 
chain. 

In another patent,^^^*^^^ the sulfuric acid ester of an aliphatic alcohol 
with more than eight carbon atoms in the form of heavy metal salts of 
lead, aluminum, and tin serves as an emulsifier for water-in-oil emul- 
sions. The first of these to be considered are the sulfuric acid esters of 
lauryl, myricyl, and cetyl alcohols used in an amount of 0.05-2.0 per 
cent oif the oil. For example, a solution of 0.25 cc of lead acetate in 48.75 
cc of distilled water is stirred with a solution of one cc of lauryl sulfuric 
acid ester in 31 cc of paraflSn oil. If emulsification is effected by heat, 
emulsions of vegetable and mineral oils, as well as of asphalt, may be 
formed. 

The Chemische Forschungsgesellschaft m.b.H.'^^ prepares an emulsion 
from an unsaturated compound which can be polymerized by mixing with 
an aqueous solution containing as emulsifying agents methyl cellulose, 
ester-like compounds, ethers, or acetals of polyvinyl alcohols, such as 
polyvinyl acetate, having a saponification number of 80 to 100. A non- 
saponifying substance may be added before the emulsion is subjected to 
polymerization. 

As emulsifying agents were proposed^®® alkali salts of products 
obtained by the condensation of alkylated aromatic hydrocarbons having 
at least four carbon atoms in the alkyl or cycloalkyl group with an active 
functional derivative of an acid having the formula HOOC(CH2)nCOOH, 
where n is 2, 3, or 4, and the keto group in the carboxylic acid so obtained 
is reduced. Acids of the formula RA(CH 2 )nCOOH, where R is an alkyl 
or a cycloalkyl group of at least four carbon atoms; A, an aryl group, 
and n, 3, 4, or 5, are obtained. These may be hydrogenated; thus A is 
converted into a hydroaryl group. Acids of the formula given in which 
both R and A are hydroaryl groups may also be obtained from arylated 
aromatic hydrocarbons in which the two aryl groups are hydrogenated 
simultaneously. Anhydrides, chlorides, or acetyl chlorides may be used 
as functional derivatives, subsequent saponification being necessary in 
the case of the latter. As examples may be cited (1) butylbenzene or 
succinic anhydride, heated in tetrachlorethane in the presence of alumi- 
num chloride, yields y-4-butylphenyl-y-oxybutyric acid, which is reduced 
with hydrogen in the presence of a nickel catalyst to yield y- (4-butyl- 
phenyl) -butyric acid; and (2) cyclohexylbenzene treated as in (1), and 
yielding y-4-cyclohexylphenyl-y-oxybutyric acid and y-( 4-cyclohexyl- 
phenyl) -butyric acid. 

Lundsgaard produces agents for stabilizing aqueous suspensions or 
emulsions. Esters containing at least one non-replaceable hydroxyl group 
of a polyhydric alcohol and a higher fatty acid, which have been polymer- 
ized and/or oxidized before or after esterification, with purification of the 
acids in the intermediate stage, are claimed as emulsifiers. The product 
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obtained is saponified and the fatty acids are separated and heated at 
180® for 10 hours with an excess of anhydrous glycerol which is removed 
at the end of the process, potassium soap being used as a catalyst. 

Stable oiMn-water emulsions of mineral oils and/or tar oils, which 
possess a high in ter facial tension against water and are not polar in 
nature, are obtained when the oils are emulsified in water in the presence 
of large proportions (above 10 per cent) of an oxalkyl amino salt (a 
product obtained by the action of sulfuric acid upon polymerized fatty 
acids, such as ricinoleic acid or dioxystearic acid), or of polymerized 
naphthenic acids. The emulsification is undertaken successfully in the 
presence of substances which are soluble in both phases which decrease 
the interfacial tension, e.g., glycerin, Tetralin, ethylene glycol, gelatin, or 
Hexalin. In such a manner an emulsion is obtained in which the greatest 
part of the oil is dissolved in the closed phase. By dilution with water, 
stable emulsions are formed, and are not resolved by boiling. The emul- 
sions may contain 50 to 60 per cent by volume of oil.^^®* The Glyco 
Products Co. produces a low-priced, soapless emulsifying agent, under the 
name of “Glycoride,^^ which is a glycol-glyceryl stearate, and “Lanosyn,” 
a lanoline substitute which forms with water stable, light-colored emul- 
sions of the water-in-oil type. 

Sulfonic Acids and Sulfonated Oils 

Sulfonic soaps which arc sludge sulfonates and alkali-metal salts of 
sulfonic acids, characterized by their solubility in water and insolubility 
in ether and petroleum hydrocarbons, are used as emulsifiers. The rea- 
son for employing sludge sulfonates lies in the fact that the presence of 
substantial proportions of an electrolyte in the water is permissible, since 
with these soaps the tendency to prevent emulsification or to break the 
emulsion formed is less than with other soaps. Natural and artificial 
asphaltic materials, coal tars, petroleum and shale-oil distillates, and 
even waxes such as paraffin may be emulsified in water by using these 
sulfonic soaps.^®® Oil may be emulsified with water if sulfur trioxide is 
used as an oxidizing acid and the oil is treated with it until the oil layer 
above the acid tar has obtained the desired properties. The tempera- 
ture (100-120®) must be so high that sulfonation occurs, but carboniza- 
tion of the oil is to be avoided. The yield of water-soluble oils is 80-90 
per cent.2®® An emulsifying agent is prepared by treating suitable 
fatty substances, such as cottonseed oil, castor oil, tallow, wool grease, 
or fish oil with sulfuric acid, at a temperature above that permissible in 
the production of sulfonated oils. The product is preferably washed with 
a salt solution (one per cent by volume) until it is free from acid. The 
emulsifying agent obtained may be modified by substances, such as sul- 
furic acid anhydride, added in small amounts either during its formation 
or afterward. This emulsifier is recommended for the preparation of tar- 
oil emulsions. 

McElroy 305,3oo points out that the emulsifying power of sulfite cellu- 
lose waste liquor, preferably the neutralized liquor, is increased by add- 
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ing a small percentage of a sulfonated oil or hydrocarbon. Caustic soda 
sludge from petroleum refining acts especially as a protective colloid. It 
has been claimed^® that an emulsifying agent may be prepared from 
castor oil which is polymerized by heating to 240®, the sulfonated prod- 
uct being washed with water containing formaldehyde, in an inert atmos- 
phere, and neutralized by the addition of ammonia. Nohl states that 
‘^Nekal,” a sodium salt of a naphthenic sulfonic acid, may ‘also be 
employed as an emulsifier. Matti,^®^ in preparing aqueous emulsions of 
bituminous substances, mixed the bitumen material to be emulsified with 
a fatty oil which had been treated with concentrated sulfuric acid. 
Petrow claims sulfo acids as emulsion-forming substances. Hutton 
and Fulton emulsified a liquid or a melted bituminous substance with 
an emulsifying agent which is a sulfonated fatty oil or fat neutralized 
with an aqueous solution of an alkali or ammonia taken in an amount 
just sufficient for this purpose. In carrying out this process the neutral- 
ization of any free sulfuric acid, mixed organic acids and glycerides 
present in the sulfonated product, is effected in situ during the formation 
of the emulsion. The proportion of alkali used may be varied, but is 
usually com])arable wdth that used in the final stage of the manufacture 
of sulfonated oils. According to Maag,^®^ water-soluble tar emulsions are 
obtained by emulsifying the tar oils with a concentrated aqueous solution 
of an alkali salt of a sulfo acid in a vegetable oil. For example, 30 parts 
of tar oil are emulsified with one part of sodium hydroxide, 6 parts of 
Turkey-red oil, and one part of lubricating oil. 

Sulfonated Products 

Limburg recommends preparing water-soluble emulsifiers or sta- 
bilizers by sulfonating high molecular weight aromatic compounds, or 
mixtures, with sulfuric acid. The I. G. Farbenindustrie A.-G.^®’ pre- 
pares emulsifiers by converting products of oxyamines with high molec- 
ular weight carboxylic acids or sulfonic acids into salts, acid amides, or 
esters. The H. Th. Bohme A.-G.^*^^ patented as emulsifiers the sulfonated 
products of lauryl and myristyl alcohol. Depending on conditions exist- 
ing, either the true sulfonic acid or the sulfuric acid ester is obtained. 
Sulfonation and simultaneous condensation of alcohols, aldehydes, or 
ketones by means of sulfonating agents, as, e.g., 50 parts paraformalde- 
hyde and 54 parts octadecyl alcohol stirred into 400 parts monohydrated 
sulfuric acid at room temperature and at 50° for 5 to 6 hours until water- 
soluble, is claimed as a method for preparing emulsifiers.^^'^ 

Sulfonating the oxidation products of solid or liquid paraffinic or 
naphthenic hydrocarbons, such as olefins, alcohols, or natural and arti- 
ficial waxes, with sulfur trioxide until the resulting product is water- 
soluble, pouring on ice, and neutralizing with sodium hydroxide results 
in the jformation of emulsifiers.^^® Another patent of the I. G. Farben- 
industrie A.-G.^^® concerns itself with the preparation of emulsifiers by 
the introduction of sulfuric acid groups into aliphatic, cyclo-aliphatic, or 
aliphatic-aromatic oxy-ethers in the presence of solvents or diluents, or 
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by the introduction of phosphoric acid ester groups. The H. Th. Bohme 
patented as emulsifiers alkyl or cyclo-alkyl esters of aromatic 
sulfonic acids alone and together with aromatic sulfonic acids, sulfonated 
oils, soaps, or fatty acid solutions, as well as with ketones or aqueous dis- 
persions of esters. Energetic sulfonation of aliphatic olefins having not 
less than 8 carbon atoms and at least one double bond at the end of the 
hydrocarbon chain is recommended in a patent issued to the I. G. Farben- 
industrie A.-G.^^® 

The latter claims as emulsifiers products obtained by treating satu- 
rated or unsaturated compounds with alcoholic hydroxyl groups and 
compounds containing more than 8 carbon atoms, with low molecular 
weight aliphatic acids containing the SO3.H group, or able to absorb this 
group. The H. Th. Bohme A.-G.^*^- suggest as emulsifiers and foam- 
formers, substances consisting of the higher alcoholic esters of sulfuric 
acid obtained by the reduction of fatty acids, particularly those sulfo- 
nated at 0°. In another patent the H. Th. Bohme uses 

as emulsifiers the sulfonation product of lauryl alcohol. Beer uses as 
emulsifier a product obtained by the condensation of a chlorinated poly- 
nuclear hydrocarbon in a solution of either sulfuric acid or fuming sul- 
furic acid and taken in an amount not exceeding 10 per cent of the chlori- 
nated hydrocarbon. The reaction product is soluble in water. Hutton 
and Fulton prepared an emulsifying agent by mixing oil or sulfonated 
fat with bituminous material and neutralizing it with a 2-per cent solu- 
tion of caustic soda. 

The I. G. Farbenindustrie A.-G.-^^»^^® obtained a series of patents for 
the preparation of emulsifying and fat-rsplitting agents formed by sul- 
fonating with sulfuric acid,-^'^ chlorsulfonic acid, or by mixing the salt of 
a mineral acid or a sulfo acid with products soluble and insoluble in 
water, such as aliphatic or hydroaromatic hydrocarbons with more thaii 
8 carbon atoms, in the presence or absence of diluting agents or cata- 
lyzers, or in the presence of aromatic or hydroaromatic hydrocarbons or 
their derivatives. The 1. G. Farbenindustrie A.-G.-^® proposed, in addi- 
tion to an older patent dealing with the preparation of products 

suitable for emulsification, a method consisting of complete or partial 
saponification of the oxidation products of paraffinic hydrocarbons with 
other alkali-acting agents, such as alkali carbonates or alkaline-earth 
hydroxides. Liquid hydrocarbons obtained by destructive hydrogenation 
may be used as emulsifiers.^®® A method for the utilization of alkylated 
cellulose and organic sulfonic acids as emulsifiers has been suggested by 
the I. G. Farbenindustrie Clear, aqueous solutions of organic 

substances, slightly soluble or insoluble in water, are obtained by treat- 
ing with sulfonic acids or their salts. Permanent emulsions of fats, 
waxes, oils, and hydrocarbons are obtained by the use of glue or gum 
arabic in connection with ordinary emulsifiers, such as soaps, sulfonic 
acids, etc.^®® 

Twitchell Process Co.**^® prepared water-soluble sulfonic acids or their 
potassium, sodium, barium, calcium, magnesium and aluminum salts from 
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the sludge which separates out when sulfonating mineral oils. By dilut- 
ing with water, unchanged oil separates out in an upper layer, which is 
removed, and the excess sulfuric acid is neutralized with lime. 

Texas Co. (Thurston patented a preparation of an emulsifier by 
sulfonating a mixture consisting of 60-90 per cent lubricating oil from 
petroleum distillate and 10-40 per cent aromatic hydrocarbons (benzene, 
toluene, or diphenyl) . For example, 1000 parts of the lubricating oil and 
400 parts of benzene are treated for many hours with 1000 parts of 
H2SO4 (98-per cent) at 150-170® F and then washed with 500 parts of 
water. After standing for 16 hours at 95-105® F, three layers are formed, 
the bottom or water-containing layer being withdrawn. After neutral- 
ization, the middle or emulsion layer gives the best emulsifier: the upper 
or sulfonate layer is also a good emulsifier for hydrocarbons, paraffins, 
or asphalts. 

Oranienburger Chemische Fabrik A.-G. (Lindner and Russe ®*®) pre- 
pared emulsifiers made of high molecular weight, water-soluble sulfonic 
acids or their salts. Distillation products obtained in the refining of 
hydrocarbons, crude oil, or brown coal tar, together with alkalies or 
sodium sulfate, are subjected to treatment with sulfuric acid, a halogen 
hydrine, or water. Imperial Chemical Industries, Ltd.^®® prepared emul- 
sions using sulfurized oils. The I. G. Farbenindustrie A.-G.-^® use as 
emulsifiers phosphate alone or together with sulfonic acids in preparing 
emulsions of cyclohexanol, cyclohexanone, aniline, or oleic acid in water. 
The Societe des Produits Chimiques et Matiercs Colorantes de Mul- 
house®®® states that fats, oils, paraffins, waxes, tars and resins may be 
emulsified with sulfite cellulose, sulfonated phenolformaldehyde products 
and alkylated naphthalene-sulfonic acids. The Chemische Fabrik vorm. 
Sandoz proposed, as a method for the preparation of emulsifiers, treat- 
ftient of oleic acid-propylglycol esters with sulfonating agents. 

Friesenhahn used emulsifiers consisting of mixtures of salts of sul- 
fonated organic compounds, such as Turkey-red oil, or naphthalene-sul- 
fonic acids, with alkali phosphates (trisodium phosphate) to which are 
added high molecular weight alcohols (terpineol, butyl alcohol, amyl 
alcohol, cyclohexanol). The I. G. Farbenindustrie A.-G.®®’^®® claims as 
an emulsifier one prepared by esterifying the alcohol of oleic acid with 
mono-halogenated acetic acid and converting the ester obtained with sul- 
furous acid. The H. Th. Bohme A.-G.^"^^ patented, as emulsifiers, liquid 
esters from fatty sulfonic acids or a sulfonation product of fatty car- 
boxylic acid esters with complete or partial substitution by the sulfonic 
group. The Compagnie Nationale de Matieres Colorantes et Manufacture 
de Produits Chimiques du Nord Reunis recommends emulsifiers 

consisting either of free sulfonic acids or their metallic salts, ammoniates, 
aliphatic amines, aromatics, or hydroaromatics alone or in a mixture with 
sulfonated oils, solvents, pectic substances, etc. 

Sulfonation of saturated or unsaturated high molecular weight oxy- 
acids or acid amides, especially those obtained from the oxidation or 
distillation products of crude Montan wax or from the reduction products 
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of its alcohols and amines, yields good emulsifiers, according to an I. G. 
Farbenindustrie A.-G. patent.^^® The Chemische Fabrik vorm. Sandoz 
prepares emulsifiers by sulfonating esters of high molecular weight fatty 
acids and polyvalent alcohols in which the free hydroxyl groups are 
replaced by halides, oxyalkyl, oxyaryl, or carboxyl groups. The Farben- 
Gerbstoff Werke (Flesh prepare emulsifiers by treating high molec- 
ular weight fatty acids or their anhydrides with sulfonating agents in the 
presence of alcohols at temperatures above 0®. The I. G. Farbenindustrie 
A.-G.^®^ halogenate carboxylic acids esters containing sulfonic acid groups 
or amides to prepare foaming and emulsifying agents. 

Sulfonating agents act on esters containing at least one hydroxyl 
group in the alcohol molecule. For example, 60 parts of glycerin- 
ricinoleic acid ester are stirred with 80 parts of concentrated sulfuric 
acid at 60°, the water-soluble product obtained being poured over ice 
and extracted with ethyl acetate. This is the method of preparing emul- 
sifiers advocated by the I. G. Farbenindustrie A.-G.^®® In another patent 
they suggest preparing emulsifiers by treating olefins with sulfonating 
agents. For example, 100 parts of a liquid olefin mixture of a difficultly 
oxidized paraffin, obtained by splitting off water and carbon dioxide, are 
stirred with ^5 parts of chlorosulfonic acid at 30-40°. The resulting 
product is washed with water and neutralized with alkali, ammonia, or 
amines. The I. G. Farbenindustrie A.-G.^®® use polystyrene or its alkyl 
derivatives as emulsifiers. They are treated with concentrated sulfuric 
acid or chlorosulfonic acid in the pre.sencc of solvents; this converts them 
into the corresponding sulfonic acids. Sulfonation at higher temperatures 
causes partial depolymerization. 

The N. V. Chemische Fabrik vorm. Servo u. Rosenbrock®®^’®®^ pre- 
pares emulsifiers by sulfonation of fatty acids or their derivatives, 
especially esters of mono- or polyvalent alcohols, in the presence of such 
substances as phosphorus trichloride, which has afiSnity for water. Before, 
during, or after sulfonation, phosphoric acid, the alkyl esters of phos- 
phorus trichloride, phosphorus pentachloride, phosphorus oxychloride, 
or phosphorus pentoxide are added; before or during sulfonation, isothi- 
onic, boric, or acetic acid is added. The Compagnie Nationale de 
Matieres Colorantes et Manufacture de Produits Chimiques du Nord 
Reunis ®® obtain emulsifiers consisting of sulfonated condensation prod- 
ucts,®® their alkali, ammonium, or alkaline-earth salts, together with 
aliphatic, aromatic, or hydroaromatic amines alone or combined with 
other substances. The I. G. Farbenindustrie A.-G.^®^ prepares emul- 
sifiers from oxidation products obtained by partial destructive oxidation 
of non-aromatic hydrocarbons containing at least 8 carbon atoms, or 
their mixture, after separation by sulfonation of the unoxidized hydro- 
carbons, which contain 15-60 per cent of alcohols. 

Imperial Chemical Industries, Ltd. (McGlynn and Todd ^®®) prepare 
emulsifiers by sulfonation of shark-liver oil. The I. G. Farbenindustrie 
A.-G.^®® recommend a method for preparing emulsifiers by sulfonating 
acid amides. Amides having more than two nitrogen atoms in their 
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molecule, or containing at least one nitrogen atom and one active hydro- 
gen atom, or of an aliphatic nature, or consisting of aliphatic derivatives, 
but not alkylated amides, are brought into reaction with carboxylic acids, 
the resulting products being sulfonated with sulfuric acid, sulfur trioxide, 
oleum, or chlorosiilfonic acid. The carboxylic acids must contain either 
a double aliphatic bond, a hydroxyl group, or an aromatic nucleus. The 
I. G. Farbenindustrie A.-G. (Michel and Buschman^^®) uses as' emul- 
sifier the product obtained by the action of olefins, having three or more 
carbon atoms, on sulfonated carbazol or carbazol derivatives, the free 
sulfonic acids being converted into salts. Sulfonic acids and their salts 
also improve the wettability with respect to water or aqueous solutions. 

The I. G. Farbenindustrie A.-G. (Steindorff, Dairabar and Platz 
prepares emulsifiers from amino or imino oxyalkyl-oxyaryl sulfonic acids, 
the basic group of which is acetylated before or after with high molecular 
weight carboxylic acids, and esterifies the hydroxyl group with high 
molecular weight mono- or polyvalent organic acids. In another pat- 
ent,^^^*^^^ the emulsifiers consist of urethanes obtained from alcohols 
containing one or two oxyalkyl groups with nitrogen, or from residual 
alcohol having sulfonated hydroxyl groups. The resulting sulfonated 
amino compounds have, in addition to the hydroxyl groups, free hydrogen 
atoms uniting with nitrogen to form esters of chlorofumaric acid com- 
pounds of the general formula: RO.CO.N(X).R'.OH, where R' is an 
organic group containing also the hydroxyl group combined with hexyl, 
lauryl, octadecyl, cyclohexyl, furfuryl, or decanol radicals; R is the 
aliphatic group containing one hydroxyl group combined with oxyethyl, 
butyl, or propyl radicals; and X is the distance of the oxyalkyl residue. 

The I. G. Farbenindustrie A.-G. (Marx, Brodersen and Bittner 2 ^®) 
prepares emulsifiers from aromatic and hydroaromatic hydrocarbons by 
sulfonation and converts them into magnesium salts, which in turn are 
replaced by mineral salts or protective colloids. Emulsifiers may be 
obtained from high molecular weight alkyl amines or fatty acid amides 
when converted into the corresponding alkyl or acyl carbamic acid chlo- 
ride by phosgene and sulfonated by sulfonic acid carrying oxy- or amino- 
groups. Oranienburger Chemische Fabrik A.-G. (Lindner and Russe 
use as emulsifiers sulfonic acid salts of high molecular weight aromatic 
and hydroaromatic hydrocarbons, or a mixture of aliphatic-aromatic 
phenones or ketones alone or together with organic solvents. For example, 
the sodium salt of sulfonated oleophenone is obtained by the condensation 
of one mol of oleic acid chloride and 6 to 8 mols of benzene with water, 
free aluminum chloride, or sulfonated phenones from stearic acid or 
ricinic acid chloride. For condensation toluene, xylene, phenol, or tetra- 
hydronaphthalene may be used. 

du Pont (Gabelmann and Henke applies alkali salts of sulfonic 
acids as emulsifiers. The I. G. Farbenindustrie A.-G.^^^^ emulsifier con- 
sists of a sulfonated product obtained from the esters of a fatty acid 
and an oxy-fatty acid containing an oxy- group able to esterify, the 
oxy-fatty acid being replaced by another high molecular weight oxy- 
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compound of the aliphatic, cyclo-aliphatic, or hydroaromatic series. 
Either the condensation products of amino alcohols with naphthenes or 
artificial and natural resin acids, or sulfonation products are used as 
emulsifiers.^®® Oranienburger Chemische Fabrik A.-G. (Lindner and 
Zickcrmann®®®) prepare stable emulsions of mineral oils, neutral fats 
and fatty acids, using as emulsifiers a mixture of high molecular weight 
aliphatic or alicyclic substituted aromatic sulfonic acids or their salts, 
soaps, or sulfonated oils, with carbohydrates or proteins. 

Deutsche Hydrierwerke A.-G.®® use salts of thiosulfonic acids as 
emulsifiers. Thiosulfonic acids etherized in the a position are prepared, 
using organic halide compounds of the general formula R.O.CHR', in 
which R denotes a hydrocarbon group containing at least 8 carbon atoms, 
either aliphatic, alicyclic, or aromatic-aliphatic; R' is an alkyl group 
containing one hydrogen atom and less than 4 carbon atoms, preferably 
the methyl group, which is converted with stable alkali, alkaline 
earths, or ammonium salts of thiosulfonic acid, according to the 

equation: R.O.CHR' (halide) + McsSoOs > R.O.CHR'S.SOaMe 

+ Me (halide) . 

The Gesellschaft f. Chemische Industrie (Basel ^^®) recommends as 
an emulsifier the sulfonation product of castor oil. For example, 80 
parts of castor oil are added with stirring to 160 parts of 90-pcr cent 
sulfuric acid at 20-25®. After standing, the mixture is washed with 
sodium chloride solution to neutralize the product and to adjust it to 
the desired fat content. 

The I. G. Farbenindustrie A.-G. (Giinthcr and Holsten “'*'^) claims 
as emulsifiers salts of sulfo-amino acids from amines, carboxylic acid 
amides, or nitro compounds of the aliphatic, cyclo-aliphatic or hetero- 
cyclic series with more than 8 carbon atoms in the molecule, or their 
derivatives or substitution products. The Oranienburger Chemische 
Fabrik A.-G. (Lindner and Zickermann method for preparing 

emulsifiers involves treating mixtures of neutral fats, fatty acids and con- 
densable lactones, alcohols and ketones with strong dehydrating agents, 
such as sulfuric acid, which sulfonate at the same time. 

The Chemische Fabrik vorm. Sandoz ®- mnnufactures emulsifiers 
from alkyl, aralkyl, or aryl ethers of polyhydric alcohols, condensed with 
mono- or polyhydric alcohols or their derivatives containing hydroxyl 
groups, in the presence of a sulfonating agent. For example, ethylene 
glycol, monotolyl or chlortolyl ether is condensed with butyl alcohol 
and concentrated sulfuric acid at 65-85°. Glycerol dixylyl and a-naph- 
thyl ethers and ethylene glycol-ditolyl ether may be used. 

The Chemische Fabrik vorm. Pott, G.m.b.H. (Muller ®^) states that 
emulsifiers may be made from condensation products of quaternary 
ammonium bases. For example, 100 parts of trimethylnaphthyl ammo- 
nium methylsulfate (naphthylamine treated with dimethylsulfate) are 
heated with 100 parts of isopropyl alcohol in the presence of 300 parts of 
concentrated sulfuric acid at 100°. The isopropyltrimethylnaphthyl 
ammonium hydroxide is soluble in water. The I. G. Farbenindustrie 
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A.-G. (Luther 2 ®®) prepares sulfonation products from the unsaponifiable 
portion of the oxidation products of paraffin, which consist especially of 
a mixture of alcohols with 10-25 carbon atoms, and mixes it with 33 per 
cent of oleum, the proportion used being calculated according to the 
weight of the initial alcohol at 35°. The oil obtained has emulsifying 
properties. Conversion of aliphatic or condensation systems of uot more 
than 3 rings and containing aliphatic carboxyl acids with organic sulfo- 
amino acids, in which the SO3.H group is linked to a carbon atom of an 
aliphatic or heterocyclic group, results in the formation of an emulsifier 

The I. G. Farbenindustrie A.-G.^®® proposed preparing emulsifiers 
from sulfo-acetic acid esterified in the carboxyl group with tetradecylal- 
cohol or dodecylalcohol. The Chemische Fabrik vorm. Sandoz 
esterify a mixture of cocoanut oil and glycerin monoxylenyl ether, sul- 
fonate it at the same time by treating with monohydrated sulfuric acid 
at 30-35° and neutralize the sulfonation product, which is a transparent, 
water-soluble oil, in preparing an emulsifier with good wetting ability. 
The I. G. Farbenindustrie A.-G.^^- considers as a good emulsifier a com- 
pound corresponding to the general formula: 

R 

Ri.CO.n/ ’ O.SO,.H, 

in which Ri is any organic group; R 2 , an alkyl group, and X, an organic 
group, or hydrogen. 

The H. Th. Bohme A.-G.^’’'® propose an emulsifier obtained by treat- 
ing high molecular weight aliphatic alcohols with sulfonating or pbos- 
phatizing agents in the presence of boric acid. For example, 30 kg of 
boric acid are stirred into 270 kg of a mixture of cetyl alcohol (iodine 
number 80) ; the mixture is gradually heated to 140°, and the resulting 
boric acid ester is sulfonated with 100-per cent sulfuric acid. 

American Hyalsol Corporation (Bertsch^^) use as emulsifiers and 
foamers sulfuric acid esters of a mixture of primary lauryl and myristyl 
alcohols (obtained from cocoanut and palm-kernel oils by esterifying 
their fatty acids with ethyl alcohol, reduction of the ethyl ester, dis- 
tillation of the product, and collection of the first 50-G0 per cent of the 
distillate). The higher alcohols are sulfonated to form alkyl sulfuric 
acids and neutralized to form water-soluble salts of the alkyl sulfuric 
acids. The reaction is as follows: 

CH3 (CH2) 10CH2OH + CISO2OH = CHa (CH2) 11 - 0 ~ SOoOH + HCl 

For example, 100 kg of a mixture of the fatty alcohols are heated to 
melting temperature, about 30°, and sulfonated at this temperature 
with 50 kg of chlorosulfonic acid. 

Sulfonation may also be performed with fuming sulfuric acid at 100°. 
Oranienburger Chemische Fabrik A.-G.®^^ claim as an emulsifier one 
consisting of a sulfonic acid, or its salts, of aromatic or hydroaromatic 
hydrocarbons replaced in the nucleus by sulfo groups, and containing 
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alkyl groups of at least 10 carbon atoms. For example, one mol alcohol, 
one mol toluene and 2.2 mols chlorsulfonic acid yield at 25° sulfo- 
octadecyl toluene monosulfonic acid. 

Fresinski and Heusler^^® prepare emulsifiers and foaming agents 
from salts of naphthenic or mineral sulfonic acids insoluble in water; 
the latter are mixed by heating with glue or gelatin. Henkel and Co., 
G.m.b.H.,^®® state that sulfonation of tertiary alcohols containing high 
molecular weight aliphatic groups with at least 8 carbon atoms is carried 
out in two phases, in which the alcohol is first treated with dehydrating 
agents, such as organic or inorganic anhydrides (sulfur trioxide or acetic 
anhydride) , and then with a* mixture of a sulfonating and dehydrating 
agent (acetyl or phosphorus chloride), from which emulsifiers are 
obtained. Aliphatic hydroxy-sulfides, obtained by the interaction of 
alkyl mercaptans (Cio— Cao) with halogen hydrines converted into their 
sulfuric esters by hydroxy-sulfide with an addition product of sulfur 
trioxide and a tertiary amine, may serve as emulsifying agents. Chwala 
and Waldmann produce oil emulsions, using as emulsifying agents a 
mixture composed of neutralized and sulfurized animal or mineral oils, 
together with compounds having at least three double bonds in the 
constituent and combined with soaps of unsaturated fatty acids. 

Waldmann and Chwala patented emulsifiers and foamers consisting 
of sulfuric acid or phosphoric acid salts of ethers with an amino or an 
alcoholic hydroxyl group, the latter containing higher fatty acids or resin 
acid groups. Sulfuric acid or phosphoric acid esters or sulfonic acids or 
their salts serve the same purpose. 

Pilat®'^^ patented an emulsifier for preparing an 80 per cent thick 
emulsion of benzene in water. This emulsifier consists of sulfonic acids, 
or their salts, of hydrocarbons obtained from crude petroleum, to which 
is added protective colloids and a very finely divided inorganic substance. 
For example, 4.5 kg of a sodium salt of a mineral sulfonic acid are dis- 
solved in 75 kg of water and added to a solution containing 7.5 kg of glue 
in 50 kg of water; a suspension of 0.75 kg of aluminum in 3 kg of water 
is also added. 

The Standard Oil Development brings about emulsification 

of mineral oils by using as emulsifiers oil-soluble sulfonates obtained 
by sulfonating highly refined petroleum hydrocarbons mixed with a 
hydroxylamine, triethanolamine, N(C 2 H 40 H) 3 , or salts of carboxylic 
acids containing more than 6 carbon atoms (oleic acid), together with a 
homogenizer, such as a polyhydric alcohol. 

du Pont (Lehner and Mentzer^^®), in preparing a clear, stable anti- 
foaming emulsion, uses as an emulsifier a poly-alkyl naphthalenesulfonic 
acid or a water-soluble salt thereof. This emulsifier consists of 10-40 
per cent of an alkali hydroxide or a carbonate, 0.5-3.0 per cent of alkyl 
amines, 1-5 per cent of a water-soluble salt of a higher fatty acid or, 
preferably, 5-20 per cent of a sulfonated acid or oil, and a high-boiling 
(150-250°) alcoholic residue, from a carbon monoxide-hydrogen cata- 
lytic synthesis, whose density is less than one, and in an amount equiva- 
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lent to or double the weight of the alkali, but less than 90 per cent of the 
emulsion. 

Flett^^^ claims as an emulsifying agent one prepared by boiling for 
about 16 hours a long-chain alcohol, such as commerical cetyl, laiiryl, or 
palmityl alcohol, cetene, Aa-heptadecene, and a crude olefin (b.p. 237- 
262®) with phenol or pure or mixed cresols and zinc chloride or aluminum 
chloride and sulfonating the main fraction (boiling in the range'20®) of 
the resulting product. 

As an emulsifying agent for use with liquid or solid substances, such 
as fats, waxes, hydrocarbons, oils, etc., insoluble in water, a mixture of 
benzyl alcohol and dissolved alkylated aromatic sulfonic acids or their 
salts is recommended.®^ Thus, butyl-naphthalenesulfonic acid is dis- 
solved in water and added to benzyl alcohol to form an emulsifying agent 
for solvent naptha. The I. G. Farbenindustrie A.-G. (Marx and Broder- 
sen^^®) prepare an emulsifying agent from hydrocarbon oils obtained 
from brown-coal tar mixed with at least 50 per cent of aromatic or hydro- 
aromatic hydrocarbons and then sulfonated in the presence of a small 
proportion (3-5 per cent) of methyl alcohol. 

Oils and Prepared Emulsions 

The addition of oils and prepared emulsions may also promote emul- 
sification. This idea has been brought out in a number of patents. 
Billinghame prepares tar emulsions by using concentrated emulsifiers 
composed of substances previously prepared from a resin soap and a 
soluble protein. Braun and Hay^^ state that emulsions with a dilute 
alkali solution as the continuous phase are prepared by using as an emul- 
sifier a small amount of an emulsion previously prepared. Morrell®^® 
converts an emulsion of a viscous liquid into one of a less viscous liquid 
by adding an emulsion containing as the internal phase a liquid less 
viscous than the initial emulsifying liquid. On the other hand, an emul- 
sion of a readily fiowing liquid may be changed into an emulsion of a more 
viscous nature by the addition of an emulsion containing as the internal 
phase a liquid more viscous than the substance emulsified in the initial 
emulsion. Certain relative proportions exist between the emulsion with 
the fiuid oil and that with the more viscous emulsion. For example, if 
it is desired to produce a more fiuid emulsion from an emulsion of a very 
viscous asphalt, an emulsion of a coal-tar oil, such as creosote oil, may 
be added to the latter. The globules of the coal-tar oil which are in the 
internal phase of the diluting emulsion will dissolve or disperse the glo- 
bules of the viscous asphaltic substance, and an emulsion of a substance 
intermediate in character with regard to fiuidity will be formed. Oils 
of a different nature (of vegetable or mineral derivation) combined in 
emulsions may be mixed in order to impart the characteristics of one 
emulsion to that of another. 

Bouteille claims that emulsions can be produced when one or more 
secondary colloidal emulsions are introduced into the main emulsion, 
provided they do not enter into any reaction with it. A colloidal carbon 
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emulsion obtained by the decomposition of organic substances with sul- 
furic acid and phosphoric acid is mentioned as an example. 

Basset and Szidon use tallow as an emulsifier for tar, asphalt and 
mineral oil. The mixture is mixed intimately in a colloid mill with an 
aqueous solution containing enough sodium hydroxide to saponify the 
tallow and a small amount of vegetable slime. Poolman^®® prepares 
emulsions of about equal parts coal-tar oil and molasses in the cold with 
stirring. 

Dogadkin and Lawrencnko use as an emulsifier the waste product 
obtained by refining whale oil treated with sodium hydroxide or ferments. 
To 0.9 g of the waste product is added 1 cc of a 2-per cent sodium 
hydroxide solution; this serves to emulsify 15 cc of benzene in 10 cc of 
water. 

Parkhomenko describes a new method of preparing oil emul- 

sions. The alkali sludge obtained after adding sodium hydroxide to 
the sulfuric acid-treated transformer, spindle, or turbine oils is 'salted 
out” with sodium hydroxide (35-40° Be.) (sodium chloride should not 
be used if corrosion is to be avoided), and the upper layer used in the 
preparation of the emulsion either directly, or after adding the required 
proportion of oil (10-100 per cent). The mixing of the components is 
carried out at 60-70°. 


Emulsification Processes 

Perry and Bullock allow oil in known proportions to flow into a 
stream of water maintained under pressure. The flow of the oil is reg- 
ulated by the admission of air and the resulting emulsion is delivered to 
a point of discharge. Kuezynsky prepares emulsions without protec- 
tive colloids by an electric dispersion method in which the conductive 
phase is led through small openings into the dielectric phase. It is 
assumed that the emulsion formed changes the chemical composition of 
the petroleum oil emulsified by a polymerization process. 

Wood and Loomis,^^®’^^’’^ Richards and Loomis, Freedman^-® 
and Richards®®® proposed the use of ultrasonic waves of very high fre- 
quency of the order of 200-500 kilocycles per second. Many different 
emulsions were obtained by irradiating pairs of immiscible liquids with 
these sound waves. 

deCew ®® forces the substance to be emulsified and the hot soap solu- 
tion from opposite directions, through a perforated screen in fine streams, 
meeting preferably at an angle of 180°. This contact causes violent 
agitation, coupled with breaking up of the liquids into fine streams as they 
are forced through the minute openings, and produces an excellent 
atomizing effect, which results in emulsification. For some substances, 
it may be necessary to force the liquids through a second screen, or a 
similar device, regulating the pressure accordingly. 

Boleg®® recommends treating an oil-in-water mixture with air in a 
pressure apparatus. The mixture is subjected to a pressure of 1.0-1.5 
atmospheres and superheated by vapor acting indirectly. Oils containing 
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50 to 75 parts of condensed water are mixed with compressed air at 
increasing temperature up to 125®, with or without gelatin or glue, the 
water evaporated being renewed continuously until a transparent emul- 
sion is formed. 

Alsberg ® places the oil to be emulsified in a mixer containing a gum 
and glycerin solution; the substances are then agitated in the cold until 
the ingredients are thoroughly incorporated, and the mixture led into a 
homogenizer equipped with a discharge valve regulated for 3500 to 4000 
Ibs/sq in, thus insuring the formation of oil globules of substantially 
uniform size. This method is recommended for the preparation of stable 
emulsions of uniform particle size. 

Holmes and Williams propose rotating rapidly, in a suitable con- 
tainer, a definite volume of a fatty liquid containing impurities, with- 
drawing the mixture from the container by the momentum of the liquid 
induced by the rotation, and developing pressure in the liquid by obstruct- 
ing its flow. The fatty mixture is broken up into globules or emulsified 
in the aqueous phase by passing it in the form of a thin film at high speed 
between two adjacent surfaces. 

The Petroleum Sand Products Corporation heats heavy oil to 
its temperature of vaporization. The vapor and oil, while being heated to 
a cracking temperature, are emulsified by means of an agitator rotating 
at a speed of 400 to 600 r.p.m. A vapor-oil emulsion is obtained. Polanyi 
and Bogdandy prepare colloidal metal emulsions by evaporating or 
volatilizing the constituents of insoluble substances by cathodic atomiza- 
tion. 

For the continuous preparation of liquid and gas emulsions, par- 
ticularly in the case of heavy oil dispersions for oil burners. Auger 
recommends combining the liquid and the gas under the same pressure 
by means of a porous ceramic body, the gas passing from the latter being 
dispersed in the streaming liquid. The Kraft-Phenix Cheese Corp. 
(Chapman effects continuous emulsification by intimately mixing the 
substance to be emulsified with the emulsifier in definite proportions and 
adding, during the emulsification process, a measured amount of a suit- 
able gas, and at the end of the reaction, an addition substance. 

The Lancaster Processes, Inc. (Robinson 2 ®^) produce emulsions by 
dividing the streaming material to be emulsified and dispersing these 
streams in a previously prepared circulating emulsion. The latter stream 
is preferably divided, the material to be emulsified being added to one 
portion, and water and the emulsifying agent to the other portion, after 
which the two portions are recombined. 

The Submarine Signal Co., Ltd. (London)^®® produces emulsions 
from liquid mixtures by passing them between two parallel surfaces 
spaced 0.25 mm apart, one of which is subjected to electromagnetic vibra- 
tions. The frequency of these vibrations is so adjusted that resonance 
is set up in the liquid mixture. A frequency of 40(K) vibrations is pre- 
ferred. 

Schutte®®®® effects commercial de-oiling of waxes, containing high 
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end-point constituents which render them unsweatable, by emulsifying 
the oily wax in a non-viscous, non-solvent liquid, such as water. The 
process is controlled so that water becomes the continuous phase of the 
emulsion and the droplets of oil and the wax crystals are separated by 
water; a freely filtering substance is obtained. An improvement in 
crystal structure is claimed to be due to the fact that the wax is solidi- 
fied from a thin interfacial film, rather than from the main body of 
the liquid. The cooling and emulsification are carried out in the same 
zone by the addition of the non-solvent liquid at a suitable temperature. 

Types of Equipment Suitable for Use in Emulsification 
Colloid Mill 

There are many variations in the methods for producing emulsions 
and consequently various types of devices. Some of these are based on 
a beating action, others on a stirring mechanism. Grinding is the princi- 
pal action of the colloid mill, which owes its popularity to the fact that 
it produces a finely divided system. As suggested by Travis, the term 
“dispersion miir^ is more applicable than “colloid mill.'^ When applied 
to emulsions, the colloid mill is a dispersing mechanism rather than a fine- 
grinding device. The colloid mill is a device made up of two surfaces 
rotating one upon the other, between which pass the materials to be emul- 
sified. A colloid mill may also consist of a series of channels in which 
two grinding surfaces arc fitted. Credit for the actual construction of 
the first colloid mill should be given to von Weimarn,^--*^^^ but 
Plauson^®^ obtained the first patent granted on this device. Colloid 
mills, classified according to their mechanism, may be divided into three 
groups; (1) beater type; (2) smooth-surface type; and (3) rough-surface 
type. 

Types. (1) The heater type colloid mill includes the original Plauson 
mechanism and its modifications. In this mill the particles to be divided 
are subjected not only to hydraulic shearing stresses, but also to impact 
stresses produced by revolving blades entering and leaving the spaces 
between the fixed blades. It is claimed that the Adesberg and Auspitzer ^ 
mill is an improvement over the Plauson device because the power 
requirement is decreased to one-seventh of that of the original Plauson 
mill of equal capacity. 

(2) The smooth-surface type depends for its operation on hydraulic 
shearing stresses. Machines of this type consist of a smooth rotating sur- 
face passing over a smooth stationary surface at a velocity of 2 miles or 
more per minute, and with a minimum clearance of 0.001 inch. The speed 
with which the rotor moves varies from 1,000 to 20,000 r.p.m. By the 
adsorption of fluid films, tremendous shearing stresses are forced upon the 
working surface. These stresses are responsible for the division of the 
material. 

(3) The centrifugal smooth-surface type has as its working surface 
either a truncated cone rotating witbin a fixed cone, or flat discs rotating 
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in opposite directions. The delayed-action smooth-surface mill has a 
cylindrical working surface which is mounted on a horizontal shaft. Tlie 
peripheral speed varies slightly over the working surface so that the 
material treated tends to remain between these surfaces for a long time. 
In this device, the material is fed to the working surface through channels 
in the rotor. 

(4) The rough-surface type employs a rough working surface which, 
in addition to the hydraulic shearing stresses, has a second dividing 
action involving an intense turbulence and a beating produced by the 
currents in the liquid between the irregular surfaces. Otherwise, this 
type of mill is similar to the centrifugal smooth-surface type with trun- 
cated cone or flat discs. 

The turbine type embodies features of both the smooth- and the 
rough-surface colloid mill, with the advantage of an intensive and pro- 
longed dividing action. 

Kinds. Among the colloid mills arc: 1. Premier; 2. Ilurrell; 3. Char- 
lotte and 4. 

(1) The Premier mill has an outer casing surrounding a rotor which 
is a smooth metal cone working in proximity to a fixed conical scat. 
The clearance between rotor and stator is 0.001 inch or more. The rotor 
has a speed varying between 5,000 and 25,000 r.p.m. When feeding the 
mill by gravity, the rotor acts as a centrifugal pump drawing the emul- 
sion between the working surface, and while it is passing as a thin film 
through the narrow space between the conical surfaces, it is subjected to 
an intense shearing action. 

(2) The working surface of the Uurrell mill constitutes the bore of 
the cylindrical body. Two circular covers equipped with a gland through 
which the rotor shaft passes are bolted to the stator. The bearings with 
frames are housed on extended arms, each bearing being carried within 
a bronze sleeve sliding in the bracket arm to which is attached a microm- 
eter screw fitted with a large handwheel. Each half-turn of the hand- 
wheel alters the clearance by 0.001 inch, and the rotation of the wheel 
adjusts the thickness of the film. The shearing forces exerted on the 
emulsion originate between the fixed and the rotating parts. The ten- 
dency of the emulsion in the gap to leave the space due to its own inertia 
is prevented because of the cylindrical form of the rotor. The displace- 
ment is effected only by a ring of emulsion of varying radial depth in the 
space between the halves of the rotor. The emulsion formed is discharged 
from two outlets, one located at the bottom of each cover. Since the 
emulsifying space is practically parallel with the axis of the rotor, there 
is no centrifugal force causing the displacement of the emulsion; conse- 
quently, the time during which emulsification is effected depends only 
on the rate of feed. 

(3) The oil in the Charlotte mill is fed by gravity and forced into the 
gap between the conical rotor and the conical stator against the action of 
centrifugal force which tends to retain the emulsified material. The 
rotor and stator are grooved differently than in the smooth surface type 
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mill, the grooves being radial, the currents set up in them giving rise to 
an intense beating and chopping action. Thus, in addition to shearing 
forces, this device produces in its grooves whirling currents which have 
an intensive beating effect. 

(4) The Rex mill is a rough-surface type with intercalating pin discs. 
A horizontal rotating disc is provided with studs and runs placed co- 
axially against a superimposed stator disc also provided with studs or 
short thick pins, the pins of each disc overlapping in such a manner that 
the material emulsified passes out radially and strikes the pins in both 
discs. The emulsion enters through a hopper in the center of the stator 
disc, the discharge taking place at the circumference where the distance 
between the discs is the least. 

In order to obtain a more uniform dispersion of prepared emulsions, 
a so-called homogenizer is used. The difference between a homogenizer 
and a colloid mill is not in the principle of operation, for both mechanisms 
depend for their dividing action mainly on the hydraulic shearing forces 
exerted upon the particles suspended in the fluid medium and may oper- 
ate under high pressure ; but they differ with respect to the ultimate end 
in view. The simple type of Briggs* homogenizer for laboratory use 
consists of a reservoir containing the emulsion, which is withdrawn 
through a trap opening by means of a suction pump, passes out through 
very small openings in the orifice, and strikes a baffle plate. Homogeni- 
zation may be effected under high pressure of many thousand pounds; 
but a high-pressure homogenizer operated at 2000-3000 Ibs/sq in is not 
suitable for the dispersion of solids or for the homogenization of heavy 
liquids. 

Mixing Equipment 

Bullock*s patent relates to the emulsification of suitable components 
in an apparatus designed for the mixing of oils of varying composition 
with water. Regulating the flow of the oil to the injector, as well as the 
quantity of oil in the emulsion, which should be proportional to the 
amount of air admitted, is a new feature of this device. 

Fish employed for emulsification an apparatus comprising a multi- 
cylinder pump consisting of a number of graduated as well as compression 
cylinders, a valve mechanism, a mixing device, and a discharge valve. 
The feed or delivery of liquids to the pump is automatically regulated. 
The liquids to be emulsified are measured, mixed and impregnated with 
an expansible fluid or gas and the resulting mixture subjected to a high 
pressure. Finally, the mixture is released into a chamber maintained 
under a comparatively low pressure. 

Schroeder*s patent deals with the preparation of emulsions in a 
series of mixing containers connected by narrow tubes. The mixing con- 
tainers are jacketed and each is provided with an agitator. The rate of 
rotation of these agitators decreases gradually, from the first container to 
the last of the series. The mixing containers are arranged stepwise, that 
is, one above the other, which causes a continuous flow of emulsion com- 
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ponents from the top container, the emulsified material being drawn off 
from the bottom. 

Alexander’s invention refers to a centrifugal machine for the inter- 
mittent mixing of liquids. This apparatus has a novel form of bearing 
for the spindle of the mixing bowl which permits the proper operation of 
the spindle and makes it adjustable. An apparatus comprising a cham- 
ber provided with a central shaft around which a number of rotating 
mixing screws revolve is described in the literature.® The blades of the 
mixing screws are perforated and rotate clockwise and counter-clockwise 
on alternate screws. The outer edges of the blades of the screws come in 
direct contact with each other, as well as with the wall of the chamber. 

Kirschbraun describes a mixing apparatus for the preparation of 
emulsions of bitumen, clays, etc. and water. The speed mixer type^®® 
consists of two propellers which are adjustable to different heights on the 
shaft. By reversing the pitch of the lower propeller, a powerful upward 
pull from the bottom of the mixing container is produced, while the upper 
propeller produces a downward pull. The two opposing forces are pitched 
against each other between the two propellers and the liquid is thrown 
with force against the sides of the container. The emulsion is thus vio- 
lently agitated. Mixing containers equipped with different types of stir- 
ring devices are available. One type comprises a rotating cylinder 
fitted with a hollow truncheon carrying a horizontal revolving shaft, hav- 
ing a number of beaters arranged to run in a direction opposite to that of 
the cylinder and its contents. Although mixing containers or tanks are 
designed, as a rule, for individual batches, yet they may be used for bulk 
batches as well; this has one great advantage, f.e., it permits the total 
volume of the continuous medium to be present at one time before intro- 
ducing the phase to be dispersed by agitation, thus producing a uniform, 
homogeneous mass. 

McFadden®®'^ patented a unit apparatus in which all the movable 
parts are driven from a single shaft. This apparatus consists of a tank 
for mixing the materials, dissolving the emulsifier by heat and emulsify- 
ing the resulting mixture. In addition, this device is equipped with a 
cooler in which the emulsion is chilled. The section in which emulsifi- 
cation is effected consists of a rotating bowl, and the cooling element is 
cooled by brine circulated by a rotary pump. 

Thiberge proposed a method for continuous mixing or emulsifying 
of viscous liquids, such as lubricating oils, by pouring the liquids in the 
form of thin layers or threads into a stirring equipment at various points. 
Hildebrandt’s device for mixing and emulsifying consists of a closed 
space in which a rotating plate with a permanent hood attachment is 
arranged, the substances to be emulsified whirling around and underneath. 
The Gas Light and Coke Co. (Murdoch and Shannon mixes the 
emulsifying components in a liquid state and forces them repeatedly 
through nozzles toward surfaces arranged a short distance from the bot- 
tom of the receiver. Continuous, as well as intermittent, operation is 
possible. Emulsification may be effected by using evaporating or steam- 
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ing equipment.®® * The heating surface of an evaporator provided with 
double walls assumes a concentric form terminating in a funnel-like shape 
which originates in the liquid as a result of stirring. The sloping anchor- 
form stirring paddle rotates a short distance from the heating surface. 
The temperature of the emulsified liquid is uniform throughout the whole 
mass, and no foam formation accompanies the evaporation. 

High-pressure Apparatus 

In this type of apparatus the material to be emulsified is forced or 
squeezed under pressure through a homogenizing valve at a velocity which 
breaks up the substance into globules to an extent sufficient to homogenize 
the product. 

HurrelPs apparatus ^®^ is of the pressure type and is commercially 
known as the Gaulin. High-pressure pumps force the mixture of oil and 
water between a conical valve and a seat similar in shape, above which 
the valve is held by means of a spring, causing the formation of an emul- 
sion .^®2 According to a patent issued to tlie Chemische Fabrik vorm. 
Griesheim-Elcctron,®® the liquids pass under pressure through nozzles to 
a centrifugal wheel. A hydrostatic or gas pressure is used for this pur- 
pose. The greater portion of the liquid entering the case of the mixing 
apparatus is continuously removed by means of a suction pump which 
takes off the liquid at the external circumference. The discharge of the 
case takes place by running off the liquid brought from the centrifugal 
wheel to an outlet tangentially located. 

Browner constructed an apparatus providing means for compressing 
several components and squeezing or forcing the oil under pressure' and 
at high velocity. The substance is thus broken up into globules to such 
an extent as to homogenize the resulting product. 

deLaval prepares emulsions by forcing the liquid fat or oil in fine 
streams through minute openings under high pressure into liquids kept 
under low pressure. The apparatus consists essentially of two reservoirs 
and a force pump, the outlet of which is controlled by a heavily loaded 
valve adjusted by a fine screw. (See drawings in patent.) 

Walsh ^27 patented an apparatus for the emulsification of oils in water 
by pressure obtained by piston strokes. 

Emulsification may also be carried out by spraying the substance to 
be emulsified by means of compressed gas, air, steam, high pressure, and 
the like, whereby the atomized substance is incorporated in the dispersion 
medium used.®’** The atomizing device, preferably an annular disc, is 
submerged below the level of the dispersion medium. With suitable 
provision for the feeding of the material to be emulsified and the drawing 
off of the emulsion obtained, the process is made continuous. 

Empson,^^® as well as Stewart, Riesen and Hargreaves,^®® patented an 
apparatus for emulsification. Schrader and Stahl ®®® constructed an appa- 
ratus for the preparation of emulsions which consists of a perforated plate 
moving backward and forward in a cylinder through which material is 
forced and emulsified in a relatively short time. However, before emulsi- 
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fication can take place, the air must be pumped out of the apparatus and 
a vacuum maintained. Frazer and Walsh describe an apparatus for 
preparing finely divided oil-in-watcr emulsions with particles 0.5 mm in 
diameter or even smaller. Gropengiessen prepares emulsions in a 
narrow tube in which the dispersion medium flows under pressure. In 
counter-current flow, the disperse phase is introduced through narrow 
tubes under regulated pressure. A violent bombardment of particles of 
both phases against one another in the narrow tube results in good 
mixing. 

Hurrell describes a pressure apparatus for emulsification, provided 
with a pump between a cylinder and flasks with numerous narrow open- 
ings through which the mixture to be emulsified is forced. The flasks 
may also be provided with narrow, screw-like drilled holes through which 
the mixture flows at high velocity. Cremac Marketing Co., Ltd. (Rich- 
ards, L. S., and Richards, E. M.®^) carry out emulsification in a pump 
cylinder. By drawing back the piston, a part of the mixture is sucked in 
and forced out by pushing forward through a threaded opening. The out- 
let is kept so small that it acts as a back-pressure orifice. Pushaj 
describes the ^fimpulsor emulsifying apparatus” as an example of progress 
in the technique of emulsion preparation. This emulsifying apparatus 
operates with a rapid change in pressure followed by intensive stirring. 
Mangrove uses in his preparation of emulsions an arrangement con- 
sisting of a cylinder in which an adjustable block, with a rough bottom, 
is placed. According to N. V. Handel-Maatschappij “Delma,” the 
liquids to be emulsified are forced through channels in such a way that 
they come into contact with opposite streams within the channels and 
flow out perpendicularly to them. 

The Gas Fuel Corporation (RusselP^®»^^®) prepares a substantially 
permanent emulsion by thoroughly beating together an aqueous liquid, 
a heavy liquid hydrocarbon and a gas under superatmospheric pressure. 
In another patent is related the production of oil-gas from an emulsi- 
fied mixture of this character by admixing the mixture with a highly 
heated gas and spraying it into a hot zone heated at a temperature suffi- 
ciently high to form a permanent gas. 

Application of Centrifugal Force 

Paul, Allen and Rosengren force liquids to be emulsified through 
a device operating on centrifugal force and pass two or more liquids to be 
emulsified through narrow spiral passages formed in a centrifugal head. 
For this purpose, the device is rotated at a high rate of speed by means 
of a steam turbine directly connected with it. Brewer makes use of a 
centrifugal power machine for the production of emulsions of fatty sub- 
stances. 

Povey describes machines for disintegrating or emulsifying mate- 
rials. The substances to be emulsified are driven by centrifugal force 
through zig-zag clearance spaces between rings of oppositely rotating and 
intermeshing blades. Alexander’s arrangement for emulsification makes 
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use of superimposed horizontal plates fitted in a centrifugal drum and so 
arranged that alternate plates reach up to and around the periphery of 
the drum, the intermediate plates with openings at their centers being 
fixed to the outer wall. The liquid travels in one direction upon one 
plate, and in a reverse direction upon the other plate. One of the plates 
is constructed to permit the passage of material downward near its 
periphery, -^nother of the plates is so constructed that material is per- 
mitted to pass downward near its center. After passing through the 
plates the liquids are thoroughly mixed. Means are provided for rotat- 
ing the drum. The liquid flowing from the drum is collected in a casing 
which encloses the apparatus. 

Einpson’s apparatus comprises a centrifugal rotor with narrow 
passages through which the mixture passes. The outlets from the rotor 
arc much smaller than the passages. These passages are kept filled with 
the mixture and the size of the outlets is varied by changing the screws 
or by some similar means. A collecting case is provided for the excess 
feed, as well as for the emulsion formed. In the latter case vanes are 
used for arresting the motion of the emulsion and aerating it. The aera- 
tion is controlled by varying the amount of air drawn into the emulsion 
casing. 

Nyrop’s patent deals with emulsification in a centrifugal apparatus 
comprising a pair of rotating horizontal discs with the space between 
them filled with solid materials, such as glass, wool, wire, netting, or 
granulated pumice. The material to be emulsified is fed into a space at 
the center of the discs, which is left free from solid materials, and dis- 
charged in an emulsified state at the periphery. Besides the materials 
forming the final product, other gases or vapors, or hot gases for drying, 
may be introduced. The material used for filling may also have catalytic 
properties, producing a chemical reaction. 

Ferns, Stapley and Harrison feed materials to bo emulsified into a 
hollow vertical shaft on which are mounted a number of metal discs 
forming narrow annular spaces and provided with thick, adjustable rims, 
the materials entering the spaces between the discs through holes in the 
shaft. The emulsion formed is thrown out through the narrow openings 
by centrifugal force. The emulsification apparatus of Westenholz and 
Nyrop is a casing divided by a partition into two compartments, in 
one of which rotating vanes turn on a horizontal axis. The vanes are 
perforated and the liquid is forced through the perforations by means of 
radial projections attached to the casing and directed inward. The liquid 
to be emulsified enters the casing near the center and leaves the cen- 
trifugal compartment through holes near the periphery of the partition, 
passing through the second compartment to a central outlet. 

Ramesohl and Schmidt describe an emulsifying arrangement con- 
nected with a centrifuge operated by friction discs which divert the flow 
of liquids in such a manner that the upper disc is displaced longitudinally 
to one or more laterally arranged taps or pegs running parallel to the 
rotating axis. Such an arrangement is suitable for use in a centrifuge. 
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but the space over the friction discs is not subject to displacement and 
may therefore be used to divert the direction of flow. 

Vredenburg (Bendixen 424.425) suggests emulsifying in a mixing drum 
in which two concentrically-bound plates are located. The material is 
introduced in a swirling motion and brought into rotation by centrifugal 
force. The emulsion is withdrawn through a screen in an opeiiing 
arranged at the bottom of the container. Dussek Bitumen Company, Ltd. 
(Hatt emulsifies and homogenizes in a cylindrical chamber running 
parabolically upward and provided with a stirrer forcing the mixture 
toward the chamber wall, where it is spread out in a thin film and emulsi- 
fied under the influence of centrifugal force. The mixture introduced into 
the chamber in a swirling motion is discharged tangentially as an emul- 
sion. Hurrell centrifuges substances to be emulsified and forces them 
through a special slit in such a manner that the emulsified substances 
leave the apparatus under pressure, but without foam formation. The 
slit is formed by the peripheral surface of a rotating wheel and the ring 
surface forming a part ol the case surrounding the wheel. 

Muller emulsifies substances by subjecting them to centrifugal 
force under pressure and forcing them through fine-mesh wire screening. 

Stirring Equipment 

Bahm (Hamburg states that rapid and intimate emulsification may 
be effected by' agitating the mixture of oil with two concentric right- and 
left-hand worm gears. The inner edge of the inner worm gear extends 
nearly to the driving shaft, and the outer edge of the outer worm gear 
almost touches the wall of the chamber. A heating coil surrounds the worm 
gears for the greater part of their circumference. Blores* apparatus^® 
comprises a cylindrical receptacle fitted with a cover and a perforated 
dasher within the receptacle. The spindle of the dasher passes through 
a packing gland in the cover and is fitted with an operating handle. The 
cylinder may be made of cast iron and fitted with a tinned or enameled 
lining. The dasher is dome-shaped to increase its efiiciency. Suitable 
provisions are made for filling and emptying the receptacle. 

The Colloidal Equipment Corporation (Cunniff patented an appa- 
ratus comprising a pair of discs, with intercalating ridges forming a zig- 
zag passage, rotating in close proximity with varying speeds. Tiie inlet 
admitting materials to be emulsified is axial, and the outlet for the emul- 
sion is at the periphery. One of the discs is provided with a deep flange 
which embraces the other disc and causes the final outlet to be compara- 
tively near the axis. Povey and Hallas constructed an apparatus in 
which the materials to be emulsified are delivered axially in opposing 
streams impinging within coaxial members rotating in opposite direc- 
tions. The adjacent faces are provided with intermeshing blades and the 
materials passed through the device arc discharged through a narrow 
annular duct into an annular collecting channel surrounding the rotating 
members. The device is particularly applicable for the emulsification of 
two or more liquids. 



PRACTICAL KNOWLEDGE OF EMULSIONS 


207 


The apparatus of J. Harrison-Carter, Ltd. (May and Barradell 2®*^) 
has a pair of discs, one of which is rotated at high speed. The discs are 
provided with concentric intercalating rings or teeth, triangular in shape. 
Each disc has a number of grooves running from the center to the periph- 
ery. The clearance between tl>e discs ranges from 1/1000 to 3/100 of an 
inch. McGongan and Hunter*^®® patented an apparatus comprising a 
chamber containing two interacting grooved rollers, which serve as emul- 
sifying devices, and a feed hopper connected with the emulsifying cham- 
ber by a pipe. The discharge pipe from the latter has an auxiliary 
branch by means of which the emulsion may be returned to the hopper 
and back again to the chamber for re-emulsification, if desired. 

Schroedcr^s apparatus for the preparation of emulsions consists 
of a rapidly rotating shaft carrying a block which has an annular rotating 
grinding surface bearing toward an annular fixed grinding surface. In 
the clearance between the two grinding surfaces is located a turbine 
which is fixed to the rotating block. The liquid to be emulsified enters 
the turbine and is forced under high pressure between the two surfaces 
from which the emulsion obtained is drawn off. Whatmough^s patent 
refers to an apparatus for the production of dispersions of amorphous 
aggregates in liquids. The apparatus consists essentially of a liquid-tight 
casing within which is a rotor provided witli one or more reticulated 
beater arrangements which can be rotated at high speed. Baffles, similar 
in structure to the beaters, arc employed to direct the liquids into the 
path of the beaters. The beaters arc constructed wholly or in part of 
wire gauze which subjects the amorphous aggregate to a rubbing action, 
whereby the material to be emulsified is effectively dispersed throughout 
the liquid. If the rubbing action is confined to the surface of the wire 
gauze, maximum efficiency is obtained only by repeated treatment or by 
allowing the solid particles, while suspended in the liquid, to impinge at 
high speed on the beaters, through the interstices of which the liquid 
passes when subjected to friction. 

Fettc patented an apparatus consisting of a chamber with a central 
shaft around which a number of rotating mixing screws revolve. The 
blades of the mixing screws are perforated and located on alternate 
screws in right- and left-hand directions. The outer edges of the screw 
blades come into direct contact, on the one hand, with each other, and 
on the other hand with the wall of the reaction chamber. In Butler’s 
apparatus®'* the emulsification chamber has one fixed and one rotating 
wall on each of which are located annular projections forming recesses 
inclined in opposite directions on opposite walls. 

The deLaval Separator Co. (Hapgood®®) constructed an apparatus 
consisting of a chamber divided into a numker of compartments by cross 
partitions, every one of which has a beveled orifice and a corresponding 
disc with beveled edge forming the emulsifying partition. The discs are 
mounted on a common driving-shaft. One of the compartments has at its 
end an outlet orifice for the completed emulsion, and the other compart- 
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ments have inlet orifices for the ingredients, which may be introduced 
in varying proportions at different stages. 

Fig. 4 shows a typical installation of a deLaval emulsor on one side 
of which an emulsion tank is connected directly; on the other side, a 
mixing tank equipped with an agitator and a steam coil is indirectly -con- 
nected. A centrifugal pump connects the emulsor with the mixing tank. 
Measured quantities of oil, water and alkali are fed into the mixing tank, 
heated and agitated until the ingredients are so mixed that the emulsor 
receives a uniform charge at all times. This mixture is led from the 
mixing tank into the emulsor by opening a valve on the pipe line con- 
necting the two chambers through the centrifugal pump and is discharged 
from the emulsor into the emulsion tank. When this tank is full, the 
valve on the mixing tank is closed and the valve on the emulsion tank 
opened, which allows the liquid to be pumped into the overhead tank.®^ 



Seaman, Brinjes and Goodwin, Ltd.®***® patented an apparatus the 
emulsifying mechanism of which is composed of two parts, one part being 
designed to rotate and cooperate with a stationary part, both parts being 
supported and retained in a container in which the mixing takes place. 
Both the rotatable and non-rotatable parts of the mechanism are sup- 
ported by a rotatable spindle ; the stationary part comprises a number of 
projections extending downward and carried by a spider, or a three- 
armed frame. The rotatable part of the emulsifying mechanism consists 
of a wedge-shaped member from which project in an upward direction 
several fingers or mixing krtives designed to cooperate with the down- 
ward expending fingers or knives carried by the spider, the former being 
rigidly secured to the spindle and the latter loosely mounted on the spin- 
dle, which is provided with a collar at any desired distance below the 
spider frame so as to lift the frame when the spider is raised. The spider 
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frame can be readily lifted out of the container by means of a chain 
actuated by a motor and passing over a pulley. 

The apparatus described by Hutchings is a truncated hollow cone 
with ducts in the walls. These ducts extend from the base to the top, 
and are connected with the interior of the cone when it is rotated at high 
speed in the material to be emulsified. The liquid is drawn up into the 
interior of the cone and the emulsion formed passes out through the ducts. 
The vortex formed in the liquid causes the top of the cone to be always 
uncovered so that a certain amount of air is drawn in. If this is not 
desirable, the operation may be carried out in a vacuum. Steen refers 
to a shaft with stirring blades rotating in a container provided with heat- 
ing coils at the bottom and with a finely perforated tray at the top. One 
of the constituents, e.g., water, in the case of water-in-oil emulsions, is 
passed through the perforated tray in the form of mist. The stirring 
blades are inclined in one direction at one end of the shaft and in the 
opposite direction at the other end, and may be readily exchanged for 
others of varying pitch. 

Allen and Haadbury, Ltd. (King ®) state that emulsions may be pre- 
pared in a container having radial arms rotating in opposite directions. 
These arms have a number of blades arranged concentrically on either 
side, and the material passes between these blades to the other set of 
radial arms. Every blade resembles an equilateral triangle with two 
sides curved inward and one side outward. The apex of the blade indi- 
cates in which direction the radial arm moves. These blades give the 
liquid a whirlpool effect destroyed by the movement of the radial arms; 
thus efficient agitation is secured. 

Sousthagen, Wood and Kanook Co., Ltd. subject materials to be 
emulsified to a combined oscillatory and translational motion, using 
beaters or vanes on a rotating shaft, alternate sets of vanes being of 
opposite inclination and of varying pitch. The ends of the vanes may be 
bent and shaped to overcome the radial motion of the material and at 
the same time to retain it within the sphere of activity of the beaters. 
Working the material in batches and passing it many times through the 
beaters is preferred. 

Anode Rubber Co., Ltd. (Klein and Szegvari subject the compo- 
nents of a mixture to be emulsified to the action of hard, round grinding 
elements kept in motion by a stirrer. The mixture is circulated between 
the emulsifying device and a sedimentation or centrifugal separator in 
which the coarse, unemulsified particles are separated. The diameter of 
these grinding elements should be between 1 and 8 mm. Two sizes may 
be used, one size being at least twice the diameter of the other. The 
metallic parts of the apparatus may be covered with rubber and a cooling 
system is provided. The Altonaer Werke (Mohr and Co. claim that, 
in order to prevent the pressure exerted by the liquid to be emulsified 
from increasing the friction between the spindle and the bearings, the 
spindle should be driven by a pulley fixed at the middle and provided 
with a rotating friction disc at each end. These friction discs work in 
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conjunction with a fixed grinding surface, and have their blades curved 
in opposite directions so that the torsion of the liquid at each end tends 
to turn the spindle in the same direction, thus lessening the power required 
to drive it. 

Werner emulsifies two liquids of different specific gravities by 
withdrawing them from the bottom of a container in order to establish a 
vortex therein and thus to develop a flow of the upper and lower liquids 
together through the outlet. The stream of mixed liquids is directed 
against the smooth face of a rapidly revolving disc; in this way the 
lighter liquid (crude oil) is dispersed in the heavier liquid (brine) irre- 
spective of their '^natural” emulsification characteristics, and the mixture 
returns to the container in a tangential direction, developing a rotary 
motion and avoiding the vortex. 

Steenberg^®® patented a churning and emulsifying machine com- 
prising a cylindrical container in which is arranged a close fitting worm 
conveyor with single or multiple perforated threads and an adjustable 
valve placed at the discharge pipe. The machine operates in such a 
manner that the material is forced toward the discharge end, where it is 
compressed by the rotation of the worm. The worms used may have 
different holes and pitches, and by varying the speed of rotation of the 
worm and the setting of the discharge valve, diverse conditions are pro- 
duced, whereby churning and emulsification can be varied. The cylin- 
drical container may be kept at any desired temperature by means of a 
steam or water jacket mounted either horizontally or vertically. 

The National Aniline & Chemical Co., Inc. (Zwilgmeyer ^^i) prepared 
emulsions with a mechanical stirrer or air pressure. The substances are 
emulsified with vapor through a dispergator, using protective colloids 
(dextrin or Turkey-red oil). The Flintkote Co. (Gregg j^^ds the 
substance to be emulsified, the emulsifier and water continuously into a 
cylinder equipped with a stirrer, the emulsion formed circulating within 
the container. The Lancaster Processes, Inc. (Robinson 2®®) recommend 
introducing water and soap or clay in a continuous stream and circulating 
the components. At the same time, the substance to be emulsified is 
introduced into this stream in a liquid state, the emulsion formed being 
continuously discharged from the container. The Gas Fuel Corporation 
(Russell ^®^) effects emulsification of crude petroleum or other heavy oils 
by introducing it into preheated water placed in the lower part of an 
emulsifying chamber, while a gaseous component, e.g., air or carbon 
dioxide is introduced from above into the stirrer under pressure. The 
emulsion formed may be used directly as fuel. 

The Sinclair Refining Co. (Shropshire effects emulsification by 
using two series of radiating spokes rotated on separate shafts in opposite 
or relative directions. The rotors are enclosed in a casing suitable for 
resisting pressure, the inlet being axial and the outlet at an intermediate 
radius. 

From the foregoing, it can be clearly seen that emulsification can be 
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carried out successfully when all factors influencing production are eon- 
siderod and the proper equipment selected. 


Appendix 

The distribution in United States production of crude petroleum by 
states reported in January, 1939, by the Department of the Interior * is 
as follows: 


state 

Thousands 
of Bbls. 

Texas 

484,527 

California 

224.354 

Oklahoma 

160,072 

Illinois 

94,302 

Louisiana 

93,869 

Kansas 

60,723 

New Mexico 

37,323 

Michigan 

22,799 

Wyoming 

21,417 

Arkansas 

21,143 

Pennsylvania 

17,337 

Montana 

5,961 

Kentucky 

5,581 

New York 

5,098 

West Virginia 

3,580 

Ohio 

3,156 

Indiana 

1,443 

Colorado 

1,391 

Total United States 

1,264,256 


The total domestic runs to stills in 1939 has been estimated as 1,237,- 
840,000 barrels. Crude runs to stills for December, 1939, are as follows: 

Thousands 


State and Dihtnct of Bbls. 

Texas Gulf 27,241 

Indiana, Illinois, Kentucky 17,848 

California 16,669 

East Coast 14,978 

Oklahoma, Kansas, Missouri 9,312 

Texas Inland 5,313 

Appalachian 4,262 

Louisiana Gulf 3,588 

Arkansas and Louisiana Inland 2,199 

Rocky Mountain 2,058 


Total 103,468 


Emulsions may form in any field where water is produced with oil,, 
whether such water exists in the oil sand itself or enters the hole from 
strata above or below the producing sand. Water is present in virtually 
all producing fields in the United States. 

The nature and the amount of emulsion formed vary for any partic- 
ular field. In some producing fields the emulsion percentage is rather 

* United States Department of the Interior, Bureau of Mines, Monthly Petroleum 
Statement No. 193. 
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small, in others large; Pennsylvania, West Virginia, southeastern Ohio 
and eastern Kentucky fields produce only small amounts of emulsion, 
which separates readily into oil and free water. The Lima district, Ohio 
and Illinois and western Kentucky fields produce more emulsions, and 
treating is imperative. All Kansas fields have a large percentage of 
emulsions and dehydration is of prime importance. In Oklahoma the per- 
centage of cut oil produced is large, except in several light-oil districts. 
In Arkansas the emulsion problem is more serious than in almost any 
other locality. In Texas high percentages of a very poor cut oil are 
produced in the Gulf Coast region, and the percentage in north Texas 
light-oil fields is small. 

The Mexia, Currie and Powell fields fall between the two extremes. 
In the Louisiana fields emulsion problems are much the same as in Texas 
and Oklahoma. In California more than 10 per cent of the yearly pro- 
duction is emulsified. The difficulty of handling these emulsions varies 
with the character of the crude. The heavy Casmalia oil forms an 
extremely stubborn emulsion, whereas certain light oils of the Los Angeles 
basin do not emulsify badly. In Wyoming and Montana, emulsion for- 
mation is not of such great concern as in some other states; the amount 
of water is not large and the yield is chiefly light oil. Of course, it is 
important to realize that as the fields grow older the emulsion problem 
changes and sometimes becomes more serious. Likewise, oil from the 
same wells often varies from one extreme to the other as operating con- 
ditions and atmospheric temperatures change. Conditions in wells flow- 
ing naturally or by means of an air lift differ from conditions in wells 
being produced by mechanical appliances, such as bailing, swabbing, 
and pumping, probably because of different degrees of agitation incident 
to the several methods. 
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52. Bullock; U. S. P. 1,578.187, March 23, 1926. 

53. Bunge; E. P. 287,471, May 16. 1928. 

54. Butler: U. S. P. 1.624.037, April 12, 1927 

55. Butler, Ltd. (London): 

56. Canadian Industries. Ltd. (Banbury and Clarke). Can. P. 319,947, Feb. 23, 1932. 

57. Chaflin; Leather Mfr., 42, 59 (1931). 

58. Chem. Age (London), 33, 419, Nov. 9, 1935. 

59. Chemische Fabnk vorm. Griesheim-Electron : G. P. 392,047, June 17, 1923; add to G. P. 387,761. 

60. Chemi.sche Fabnk vorm. Pott, G.m.b.H.: O P. 633,517, Cl 12s. July 29. 1936 

61. Chemische Fabnk vorm. Pott, G m b.H. (Muller) * U. S. P. 1,902,515, March 21, 1933. 

62. Chemische Fabnk vorm. Sandoz: E. P. 416,943, March 30, 1933. 

63. Chemische Fabrik vorm. Sandoz: F. P. 721,340, March 2, 1932. 

64. Chemische Fabrik vorm. Sandoz: Swiss P. 151.650, March 16, 1932. 

65 Chemusche Fabrik vorm. Sandoz: Swiss P. 151,958, March 16, 1932. 

66. Chemische P’abrik vorm. Sandoz: Swiss P 154,401 to 154,405, add to Swiss P. 151,958. 

67. Chemische Fabrik vorm. Sandoz; Swiss P. 160,755, June 1, 1933. 

68. Chernisrho Fabnk vorm. Sandoz: Swiss P. 162,347, Aug. 18. 1933; add to Swiss P. 151,958. 

69. Cliemische Fabrik vorm. Westend : G. P. 256,764, K1 23c Gr 2, Nov. 24, 1910. 

70. Chemische Fabrik vorm. Wiernick A.-G. : G. P. 431,845, May 7, 1922. 

71. Chemische Fabrik vorm. Wiernick A.-Q.: F. P. 618,918, March 23, 1927. 

72. Chemische Forschungsgesellschaft, m.b.H. : F. P. 801,034, July 25, 1936. 

73. Chemische Seifenfabnk vorm. R. Baumheier A.-G. : E. P. 379.076, Sept. 15, 1932. 

74. Chemi.sche Seifenfabrik vorm. R. Baumheier A.-G. ; G. P. 584,949, K1 23c, Sept. 26, 1933. 

75. Chwala: KoUotd-^Z.. 55, 122, 371 (1031). 

76. Chwala and Waldmann; Austrian P. 141,026, Kl 23c, March 11, 1935. 

77. Clayton: Meeting of the Chem. Eng. Group, Jan. 15, 1932. 

78. Collier: Chem.-Z. (B), 2, 215 (1890). 

79. Colloidal Equipment Corporation (Cunniff) : U. S. P. 1,666,640, April 17, 1928. 

80. Compagnie Nationale de Mati^res Colorantes et Manufacture de Produits Chimique du Nord 

IWunis: E. P. 373,006, Sept. 6, 1932. 

81. Compagnie Nationals de Matieres Colorantes et Maniifncture de Produits Chimique du Nord 

Reams: F. P. 40,002 Gr 14 Ci 8, March 21, 1932. 

82. Compagnie Nationale de Mnti^res Colorantes et Manufacture do Produits Chimique du Nord 

Reunis: F. P. 714,680, Gr 14 Cl 8, Nov. 18, 1931. 

83. Compagnie Nationale de Matieres Colorantes et Manufacture de Produits Chimique du Nord 

R^unis- E. P. 372,159, May 5, 1932. 

84. Court and Kasser: U. S. P. 1,547,165, Aug. 28, 1925. 

85. Cremac Marketing Co., Ltd. (Richards, L. S , and Richards, E. M.) : U. R. P. 1 898,894, 

Feb. 21, 1933. 

86. Davey: Colloid Symposium Monograph, 2, 138 (1925). 

87. Davey : Colloid Symposium Monograph, 4 , 38 (1926). 

88. Davey: E. P. 339,951, Aug. 1, 1931. 

89. ^Cew: U. S. P. 1,330,174, Feb. 10, 1920. 

90. Deiglmayr: G. P. 575,922, Kl 23c, Aug. 2, 1934. 

91. Dieglmayr: G. P. 585,586, Kl 23c, Aug. 2, 1934. 

92. deLaval Separator Co.: E. P. 12,562, Sept. 18, 1884. 

93. deLaval Separator Co. (Hapgood): U. S. P. 1,524,851, Feb. 3, 1925. 

94. deLaval Separator Co.: Centrifugal Review, 15 (1931). 

9.5. Delco Co. (Walsh): U. S. P. 1,814.986, .Tuly 14. 1931. 

96. Deutsche Hvdrierwerke A.-G. : E. P. 390,416, April 27, 1933. 

97. Deutsche Hvdrierwerke A.-G. : F. P. 711,782, Aug. 17, 1931. 

98. Deutsche Hvdrierwerke A.-G.: G P. 552,251, Kl 23c, Oct. 6, 1932. 

99. Deutsche Hvdrierwerke A.-G. : Q. P. 584.6^, Kl 23c, Sept. 22, 1033. 


100. Deutsche Erddl A -G. (Berlin-Schonberg) * G. P. 409,690, Feb 17, 1925. 

101. Disnev and Kernot: E. P. 274,142, July 15, 1927; F. P. 648,275, .Tan. 3, 1928; 
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(1926). 

102. Disnev and Kernot: F. P. 592,603 (1926). 

103. Distillers Compnnv, Ltd. (Langwell): E. P. 376,252. 

104. Dogadkin and Lawrenenko: Russ. P. 47,766, July 31, 1936. 

105. Dow: U. S. Bur. Mines. Bull. 250. 

106. Drevfus: E. P. 394,657. July 27, 1933. 

107. duPont: E. P. 424.051, April 4, 1935. 

108. duPont: E. P. 425,217. April 4, 1935.^ ^ 

109. duPont (Gabeiman and Henke): U. 8. P. 1.853.348, April 12, 1932. 

110. (luPont (Lchner and Mentzer): U. S. P. 2,006,557, July 2, 1935. 
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111. duPont (Lehner and Mcntzer): U. S. P. 2,012,611, Aur. 27, 1935. 

112. duPont (Lehner tincl Mentzer) : U. S. P. 2,012,012, Aug. 27, 1935. 

113. Dussck Bitumen Company, Ltd. (Hatt): £. P. 358,719, April 7, 1032. 

114. Kmpson: E. P. 282.460. .Line 26. 1926. 

115. Erupson: G. P. 522,883, Ki 12c. Nov. 4. 1931. 

116. English; J. Econ. Entomol,, 18> 513 (1025). 

117. English: Woodman J. Pomology, 6, 313 (1928). 

118. Ennen: E. P. 24,135, Oct. 30, 1906. 

118a. Erniolenko and Guterman: Kolloidny Zhur., 4, 85-01 (1938). 

119. Farbcn-Gcrbstoff Werke (Flesh): F. P. 721,070, Feb. 27, 1032. 

120. Ferns, Stapley and Harrison : E. P. 223,347, Aug. 9, 1923. 

121. Fette: G. P. 219,973, June 16, 1909. 

122. Findlay; U. S. P. 1.625.304. AprU 19. 1927. 

123. Fish: U. S. P. 1.604,580. Deo. 11. 1928. 

124. Flett; E. P. 447,898, Sept. 9, 1934. 

125. Flintkote Co.: E. P. 321,721, Dec. 12, 1929. 

126. Flintkote Co. (Gregg): U. S. P. 1.884,664. Oct. 25, 1932. 

127. Frazer and Walsh: J. PhystoL, 78, 467-474 (1933). 

128. Freedman : £. P. 332,533, July 10, 1930. 

129. Freeman and Schwab: J. Am. Pharm. Assoc., 22, 232-235 (1033). 

130. Fresinski and Heusler: Russ. P. 38,954, Sept. 30, 1934. 

131. Freundlich: “Technical Aspects of Emulsions," London, A. Harvey (1035). 

132. Freundlich: Kolloid-Z., 71, 48 (1935). 

133. Freundlich and Kroch: Z. physik. Chem., 124, 155 (1926). 

134. Freundlich and Sdllncr: Trans. Far. Soc., 32, 966-70 (1936). 

135. Friesenhahn: Swiss P. 152,220, April 16. 1932. 

136. Frydlender; Rev. prod. Chim., 31, 81, 121 (1928). 

137. Gas Fuel Corporation (Russell): u. S. P. 1,904,952, April 18, 1933. 

138. Gas Fuel Corporation (Russell) • U. 8. P. 2,059.535, Nov. 3, 1936. 

139. Gas Fuel Corporation (Russell); U. S. P. 2,059,536, Nov. 3, 1936. 

140. Gas Light and Coke Co. (Murdoch and Shannon) : E. P. 407,153, May 4, 1934. 

141. Gesellschaft f. Chemische Industrie (Basel): E. P. 3.58,202, Oct. 29, 1931. 

142. Gesellschaft f. Chemische Industrie (Basel): E. P. 204,582, Julv 18, 1929. 

143. Gesellschaft f. Chemische Industrie (Basel); E. P. 392,565, June 15, 1933 

144. Glucksmann: E. P. 255,456, July 13, 1926. 

145. Goldthwait* Am. Dyestuff Rep., 2, 589-590 and 622, Oct. 9, 1933. 

146. Goodwin: U. S. P. I,n4.092, Aug. 26, 1930. 

147. Grohn: Chem. Pabrik, 24, 113 (1931). 

148. Gropengiessen : F. P. 743,850, April 7, 1933. 

149. Gross and Engelstad; F. P. 630,168, March 4, 1927. 

150. Gross and Engelstad; U. S. P., April 14, 1908. 

151. Grundlach: U. S. P. 1,663,052, March 27, 1928. 

152. (3urwitsch; “Scientific Principles of Petroleum Technology," T.nndon (1926). 

153. Hanseatischc MUhlenwerke: G. P. 594,189, June 4, 1934. 

154. Harkins and Beeman: Proc. Natl. Acad. Sn., 8, 634-643 (192.5). 

155. Harris: U. S. P. 2,052,025, Aug. 25, 1936. 

156. Hart and Co., Ltd.: Austrian P. 8,551, June 19, 1928. 

157. Hebing: E. P. 8,196, Nov. 11. 1893. 

158. Hebler: Chem. Fabrik., 581 (1928). 

159. Heitmann: U. S. P. 1,724,65^ Aug. 13, 1929. 

160. Henkel and Co., G.m.b.H.: E. P. 424,891, March 28, 1935. 

161. Hercules Glue Co. (Lindstaedt) : Can. P. 307,169, Dee. 30, 1930. 

162. Herschel : J. Am. Chem. Soc,, 41, 940 (1919). 

163. Hey, E. P., 248,859, Dec. 16, 1924. 

164. Hildebrand! ; Danish P. 43,(^1, Sept. 22, 1930. 

165. Hoffman: Z. Biol., 63, 398 (1914). 

166. Holmes and Child: /. Phys. Chem., 32, 763 (1928). 

167. Holmes and Williams: Colloid Symposium Monograph, 2, 138 (1925). 

167a. Holmes and Williams: /. Am. Chem. Soc., 47, 323 (1925). 

168. H. Th. Bohme A.-G. : E. P. 349,580, June 25, 1931. 

169. H. Th. Bohme A.-G.: £. P. 351,403, July 23, 1931. 

170. H. Th. Bohme A.-G. : E. P. 409,598, May 24, 1934. 

171. H. Th. Bohme A.-G. : F. P. 38,048, March 3, 1931. 

172. H. Th. Bohme A.-Q.: Dutch P. 24,700, Aug 15, 1931. 

173. H. Th. Bohme A.-G.: Dutch P. 29,348, April 15, 1930. 

174. H. Th. Bohme A.-O.: Swiss P. 156,645, (^t. 17, 1932; add to Swias P. 146,254. 

175. H. Th. Bohme A.-G.: F. P. 785,006, July 31, 1935. 

176. HubiSajcr: F. P. 714,853. Dec. 11, 1931. 

177. Hull Co.: Ind. Eng. Chem., News. Ed., 24, April 20, 1930. 

178. Hunddiecker and Vogt : E. P. 416,658, Dec. 14, 1933. 

179. Hurrell: E. P. 389,095, April 6. 1933. 

180. Hurrell: E. P. 897,621, Sept. 21, 1933. 

181. Hurrell: U. S. P. 1,685,424, Sept. 25, 1928. 

182. Hurrell: U. S. P. 1,496,641, June 3, 1924. 

183. Hutchings: E. P. 185,618, Aug. 22, 1921. 

184. Hutton and Fulton: F. P. 628.244, Oct. 20, 1927. 

187. Hutton and Fulton (Milnbank Refineries): E. P. 252,258, Feb. 23, 1026. 

185. I. O. Farbenindustrie A.-Q. : Belg. P. 367.^7, July 7, 1930. 

186. I. O. Farbenindustrie A.-G.: E. P. 247,588, Feb. 11, 1926. 

188. I. G. Farbenindustrie A. G. : E. P. 261,039, Nov. 8, 1926. 

189. I. Q. Farbenindustrie A.-G. : E. P. 267,534, March 10, 1927. 

190. I. G. Farbenindustrie A.-Q. : E. P. 268,387, March 28, 1927. 

191. I. G. Farbenindustrie A.-G. : E. P. 273,757, July 2, 1027. 

192. I. Q. Farbenindustrie A.-O.: E. P. 358,583, May 11, 1931. 

193. I. G. Farbenindustrie A.-G. : E. P. 360,002, Nov. 26, 1031. 

194. T. O. Farbenindustrie A.-G.: E. P. 300,602. March 12, 1031. 
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105. I. G. Farbenindustrio A.-G. : E. P. 364,104, Jan. 23, 1932. 

190. 1. G. Faibeiimdustne A.-G. : E. P. 364,107, Jan. 23, 1932. 

197. 1. G. Farbenmdustne A.-G.: E. P. 364,669, Fub. 4, 1932. 

198. 1. G. Farbeiimdustrit! A.-G.: E. P. 367,416, March 17, 1932. 

190. 1. G. Farbenmdustne A.-G.. E. P. 371,822, June 26, 1932. 

200. 1. G. Farbenindustrie A.-G.: E. P. 372,005, May 26, 1932. 

201. 1. G. Farbenmdustne A.-G.: E. P. 373,642, June 23, 1932. 

202. .1. G. Farbenmdustne A.-G. E. P. 375,842, July 28, 1932. 

203. 1. G. Farbenmdustne A.-G.: E. P. 378,383, Aug. 9, 1932. 

204. 1. G. Farbenmdustne A.-G.. E. P. 385,957, Feb. 2, 1933, add tu E. P. 366,340, Feb. 4, 1932. 

205. I. G. Farbenmdustne A -G. : E. P. 386,966, Feb. 23, 1933. 

206. 1. G. Farbenmdustne A.-G.: E. P. 389,543, March 23, 1933. 

207. 1. G. Farbenmdustne A.-G.: E. P. 413,457, Aug. 9, 1934. 

208. 1. G. Farbenmdustne A. G. : E. P. 449,865, June 29, 1936. 

209. 1. G. Farbenmdustne A -G. : E. P. 608,302, Dec. 22, 1925. 

210. I. G. Farbenmdustne A.-G.: E. P. 716,458, Dec. 22, 1931. 

211. I. G. Farbenindustrie A.-G.: F. P. 39,893, March 18, 1932. 

212. I. G. Farbenmdustne A.-G.: F. P. 41,447, Jan. 10, 1933. 

213. I. G. Farbenmdustne A.-G.: F. P. 41,542, Jan. 28, 1’933. 

214. I. G. Farbenmdustne A.-G. : F. P. 632,155, Jan. 4, 1928 

215. 1. G. Farbenmdustne A.-G.: F. P. 632,633, Jan. 13, 1928. 

216. I. G. Farbenmdustne A.-G. F. P. 633,661, Feb. 2, 1928. 

217. I. G. Farbenmdustne A.-G.. F. P. 712,122, Sept. 25, 1931. 

218. 1. G. Farbenmdustne A.-G.: F. P. 713,382, Oct. 27, 1931. 

219. I. G. Farbenmdustne A.-G.: F. P. 714,000, Nov. 5, 1931 

220. 1. G. Farbenmdustne A.-G.: F. P. 714,029, Nov. 6, 1931. 

221. I. G. Farbenmdustne A.-G.. F. P. 714,182, Nov. 9, 1931. 

222. 1. G. Farbenmdustne A.-G.: F. P. 715,585, Dim: 5, 1931. 

223. I. G. Farbenmdustne A.-G.* F. P. 716,178, Deo. 16. 1931. 

224. 1. G. Farbenmdustne A.-G.. F. P. 716,605, Dec. 24, 1931. 

225. I. G. Farbenmdustne A.-G.: F. P. 716,705, Dec 26, 1931. 

226. 1 G. Farbenmdustne A.-G.* F. P. 717,299, Jan. 6, 1932. 

227. 1. G. Farbenindustrie A.-G.. F. P. 718,809, Jan. 29, 1932. 

228. I G. Farbenmdustne A.-G. : F. P. 719,328, Feb. 4, 1932. 

229. I. G. Farbenindustrie A.-G.: F. P. 720,529, Feb. 20, 1932. 

230. 1. G. Farbenmdustne A.-G.: F. P. 721,962, Oct. 3, 1932. 

231. I. G. Farbenmdustne A.-G : F. P. 721,794, Aug. 3, 1932. 

232. I. G. Farbenmdustne A.-G : F. P. 721,988, March 10, 1932. 

233. I. G. Farbenmdustne A.-G. (Uliicli and Kordmg) . F. P. 728,415, July 5, 1932. 

234. I. G. Farbenmdustne A.-G.. F. P. 738,057, Dec. 20, 1932. 

235. I. G. Farbenmdustne A.-G.* F. P. 740,494, Jan 26, 1933. 

236. I. G. Farbenmdustne A.-G . F. P. 767,793, July 24. 1934 

237. I. G. Farbenmdustne A.-G : G. P. 438,180, Kl 23c Gr 2. Sept. 9. 1922. 

238. I. G. Farbenmdustne A.-G. (Bcller and Imthei): G. P. .'>45,094, Kl 12o, Jan. 3, 1932. 

239. I. G. Farbenmdustne A.-G. (Eisclc and Graf): G. P. 548,442, Kl 23c, Dec. 4, 1932. 

240. I. G. Farbenmdustne A.-G. (Micliel and Ihischman). G. P. 552,606, Kl 12p, June 15, 1932. 

241. I. G. Farbenmdustne A -G (Vliicli ami Kotding) G. P. 552,758, Kl 12o, June 28, 1932. 

242. I. G. Farbenmdustiie A.-G. (Steindoiff, Daiinbar and Platz): G. P. 552,759, Kl 12o, June 18, 

1932. 

243. I. G. Farbenindustrie A.-G. (Muix, Brodersrn and Bittner): G. P. 563,257, Kl 12o, Nov. 4, 

1932; add to G, P. 552,328. 

244. I. G. Faibenindustiie A.-G. (Boiler and Pfaff) . G P 564,922, Kl 451, Nov. 27, 1932. 

245. I. G. Farbenmdustne A.-G. (Steindoiff, Plat^ and Eckelrnan) * G. P. 566,603, Kl 12o, Dec. 20, 

1932. 

248. I. G. Farbenmdustne A.-G. (Luther and Boiler): G. P. 566,797, Kl 23c, Dec. 21, 1932; add to 
G. P. 438,180. 

247. 1. G. Farbenmdustne A.-G. (Gunther and Hol^ten) * G. P. 572.283, Kl 23c, March 13, 1933. 

248. 1. G. Farbenindustrie G (Mant and Biodor^on) G. P. 630,679, Cl 12o, Juno 6, 1M6. 

249. 1. G. Farbenmdustne A.-G.; Dutch P. 25,696, Jan. 15, 1932. 

250. I. G. Farbenindustrie A.-G.* Dutch P. 27,610, Sept. 15, 1932. 

251. I. G. Farbenindustrie A -G. . Dutch P. 30,1W, June 15, 1933. 

252. I. G. Farbenindustrie .A.-G * Swiss P. 154,507, July 16. 1932. 

253. I, G. Farbenindustrie A.-G.. Swiss P. 154,508, July 16, 1932. 

254. I. G. Faibenmdustnc A.-G.: P. 156,724, Nov. 1, 1932. 

255. I. G. Farbenmdustne A.-G : Swi.ss P. 158,117 and 158,118, Jan. 2. 1933. 

256. I. G. Farbenindustrie A.-G (Luthei) V S. P. 1,908,376, Sept. 5, 1933. 

257. I. G. Farbenmdustne A.-G. : Chun. Vvis*chau. 

258. I. G. Farbenmdustne A.-G.. Chnnu- d mdustne, 436 (1927). 

258a. I. Q. Farbenmdustne A.-G.: Smfensicder-Ztg., 54, 933 (1927). 

259. Imperial Chemical Industiu*.s, Lt<l. (Banbuiv and McGlynn): E. P. 369,985, April 28, 1932. 

280. Imperial Chemical Industries, Ltd. (McGlynn and Todd): E. P. 378,075. Sept. 1, 1932. 

261. Imperial Chemical Industries, lAd. (Baldwin and Hailwood): E. P. 378,867, Sept. 15, 1932. 

262. Imperial Chemical Indu.stries, Ltd. (Hailwood and Todd): E. P. 393,276, June 29, 1932. 

263. Imperial Chemical Industries, Ltd. (Hailwood anti Todd): F. P. 746,440, May 29, 1932. 

264. Imperial Chemical Intlustries, Ltd.: F. P. 714,406. Nov. 13, 1931. 

265. Imperial Chemical Industries, litd. : F. P. 740,392, Sept. 6, 1932. 

266. Imperial Chemical Intlustries, Ltd. (Hailwood, Shepherd.son and Stewart): U. S P. 1,873,580. 

Aug. 23, 1932. 

267. J. Hairison- Carter, Lttl. (May and Barradell)* E. P. 214,521, July 26, 1928. 

268. Johansen: F. P. 842,149, Kl 23e, Oct. 13, 1921. 

269. Johansen: U. S. P. 1,373,661, April 5, 1921. 

270. Jones; E. P. 264,955, Nov. 10, 1925. 

272. Jones: U. S. P. 1.646,149, Aug. 20. 1925. 

273. Kadmer: Sei/ensteder-^ftt/., 58, 663 luitl 664, 679 anti 680, 696-608, Oct. 15. 1931. 

274. Kadmer: Seifentiedcr’-Ztq., 59, 141-143, 173-175, 205 and 206, 237 and 238, 260 and 270, 1031. 

275. Kirsohbraun: U. S. P. 1.603.546, Oct. 19, 1926. 
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276. Kiitichbraun: U. S. P. 1,615,303, Jan. 26, 1027. 

277. Kirsciibmuii: U. ». P. 1,616,004, Fub. 8, 1027. 

278. Kirsohbruun: U. 8. P. 1,620,800, March 15, 1027. 

279. Kirschbraun (Bennett Sons and Sheais, Loiidun) 

280. Kisbcr: Zhur. Khim. I'rom., 5. 1176-81 (1028). 

281. Knaggs: J. Soc. Chem. hid, (London), 51, 61-64 (1032). 

282. Knopf: U. S. P. 078,307, Dee. 13, 1910. 

282a. Kohler : G. P. 204,256, K1 23b Gr 3, Sept. 21. 1906. 

283. Kdnigliche SteannfaWik vonn. Gonda: Dutch P. 17,050. Oct. 15, 1027. 

284. Kdaters: U. S. P. 867,141, Sept. 24, 1007. 

285. Kraft-Phemx Cheese Corp. (Chupjimn). U. S. P. 2,033,412 und 2,033,413, Match 10. 1936. 

286. Krannich: U. S. P. 1,652,016, Dec. 6, 1027. 

287. Kremnev: KolUod-Z., 68, 16-22 (1034). 

288. Kripke: G. P. 236,254, K1 23c, Oct. 11, 1011. 

289. Kripke: G. P. 472,270, K1 23c. Sept. 18, 1911. 

290. Kropfhammer: G. P. 615,563, July 8, 1035. 

291. Kuezynsky: /Yzemys/ Chem., 11, 429-450 (1927). 

292. LaFarge and Chanut: F. P. 751,045, Aug. 25, 1033. 

293. Lancaster Processes, Inc. (Robinson): U. S. P. 1,023,888, Aug. 22, 1933. 

294. Lancaster Processes, Inc. (Robinson): E. P. 441,537, Jun. 21, 1036. 

295. Latuner-Goodwm Clhcinicul Co. (Gootlwin): U. S. P. 1,007,789, May 9, 1933. 

296. Laucks: U. S. P. 1,855.934, April 26, 1032. 

297. Levy: E. P. 268,411, Dec. 3, 1925. 

298. Levy: Seifenateder-Ztg., 770 (1027). 

299. Limburg: Can. P. 291,110, July 0, 1029. 

300. iKittermoser and Calanter : Kolloid-Z., 48, 362 (1029). 

301. Lundsgaard: £. P. 455,540, Oct. 22. 1036. 

302. Maag: Swiss P. 106,549 (1924). 

303. Mangrove: U. S. P. 1.922,974, Aug. 15. 1033. 

304. M^i: Swiss P. 119,219, March 1, 1027. 

304a. MoBain and Woo: Proc. Roy. Soc. (London), (A), 163, 182-87 (1037). 

305. McElroy: U. S. P. 1,444.844, Feb. 13, 1923. 

306. Robeson: U. S. P. 833,634, Oct. 16, 1006. 

307. McFadden: U. S. P. 1,396,376, Nov. 8, 1921. 

308. McGongan and Hunter: U. S. P. 1,671,868, May 29, 1028. 

309. Melamid. F. P. 648.138, Feb. 3, 1928. 

310. Merrill: U. S. P. 1,695.197, Dec. 11, 1928. 

311. Merrill: Can. P. 297,097, Dec. 28. 1930. 

311a. Miller: “Gas-Lift Method of Flowing Oil Wells," U. S. Bur. Mines, BuP. No. 323, page 33 
(1930). 

312. Mollermg: Chem. Fahrik, 3, 239 (1930). 
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Chapter 3 

Practical Knowledge of Emulsions 

Demxjlsification 

Introduction 

AH small wells and narrow passages through which petroleum passes, 
together with water and gas from below ground on one side and agita- 
tion by pumping on the other, assist in the formation of emulsions. 
Water-in-oil emulsions, produced together with crude petroleum, occa- 
sion a loss in oil to the oil industry. These losses are so great that the 
problem of emulsion destruction is very important.* Two possibilities 
of attacking this problem present themselves: (1) devising ways and 
means whereby emulsification is retarded or decreased, and (2) making 
dehydration economically possible. It so happens that the quantity of 
emulsions pumped from oil wells is far in excess of the volume actually 
dehydrated. Therefore steps should be taken (1) to prevent emulsion 
formation in wells (proper operation of pumping equipment and appli- 
cation of methods to avoid intimate mixing and agitation of oil and water 
are advocated) ; (2) to remove water quickly from the oil on reaching 
the surface (in the event that an emulsion has formed, dehydration 
should not be delayed; alteration of the emulsion often induces a more 
stable state which is rather difficult to treat) , and (3) to apply standard 
economical dehydration methods. 

The selection of a proper dehyc^ation method depends greatly upon 
the qualitative and quantitative characteristics of the emulsion formed, 
as well as upon the nature of the components emulsified. Three types of 
crude oil are recognized, and among them there are many grades. The 
first and most valuable is the paraffin-base found principally in Pennsyl- 
vania and adjacent states. The standard A.P.I. gravity of mixed-base 
crudes from Oklahoma, Wyoming, Colorado and Utah is approximately 
30-40; above 40, paraffinic; below 30, naphthenic. Another type of crude 
oil is the asphalt-base, found principally in California and Texas. Not 
quite as heavy as the asphaltic base crudes of California is the oil from 
Texas and Wyoming. Still another type of crude oil is known as the 
mixed-base,^® rich in paraffin wax and asphaltic material found in the oil 
fields of Baku near the Caspian Sea in Russia. These crudes contain 
paraffins and are of value as low-cost lubricants. 

♦The daily production of crude oil in the United States has varied during the 
last several years within the range of about a million barrels of 42 gallons each. 
One-quarter the crude oil pr<^uced in the United States is emulsified. About 
1/4 of a million barrels of oil are recovered daily."* 
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Many terms, such as “roily oil,” “BS,” or “bottom settlings,” are 
applied to petroleum emulsions, but they refer in general to a mixture of 
water, usually a brine, oil, and finely divided silt or other sediment. In 
these emulsions gravity settling serves to remove the coarsely suspended 
water from the more concentrated crude-oil emulsion. “Tank bottoms” 
contain silt, sand, or other sediment, including wax, which separates 
from the petroleum and sludges to the bottom of storage or other tanks. 
The amount of water contained in these emulsions varies from traces up 
to 60 per cent or more, but the majority average about 25 per cent. 

Cut oil, roily oil, and “BS” are all water-in-oil emulsions. Sometimes 
microscopic examination discloses in so-called “dirty water” a multiple 
emulsion, with water as primary external phase. Similarly, multiple 
emulsions are found also with oil as the primary external phase. The 
only essential differences connoted by the various oil-field terms are that 
“cut oil” and “roily oil” are usually applied to relatively freshly pro- 
duced* emulsions; “BS” is used to designate any emulsion, either fresh or 
aged; and “bottom settlings” and “tank bottoms” are reserved for emul- 
sions which settle or “sludge” to the bottom of storage or field tanks. 
The term “BS” is also applied to the emulsion content of any oil as 
determined in a centrifuge. Included in the terms “BS,” “bottom set- 
tlings,” and “tank bottoms,” in their loosest meaning, are quantities of 
sand, silt, wax, asphalt, or other sediments; but in connection with emul- 
sions, such foreign matter is excluded and the total “cut” of an oil is 
reported as (1) wax or asphalt, (2) emulsion or “BS,” (3) free water, 
and (4) sand or sediment. A “BS” emulsion usually contains a con- 
siderable amount of an emulsifying agent, e.g., asphalt. Whether all 
emulsions have the same ratio at their “end-point” is doubtful. The 
recoverable oil in an emulsion often ranges from about 25 to about 75 
per cent, as emulsions range from very “loose” to very “tight.” The oil 
content of emulsions corresponding to the amount of oil so intimately 
associated. with the brine droplet as to be recoverable only by resolving 
the emulsion averages about 50 per cent. Oil recovered from tank bottoms 
has not always a refining value because of the absence of lighter hydro- 
carbons and sometimes a high wax content, which makes the pour point 
of the fuel oil too high ; but the latter diflSculty is overcome by blending 
with fresh crude of low pour point. Otherwise the oil recovered from tank 
bottoms is claimed by many producers and pipeline operators to be of 
special value because of its superiority as cracking stock. 

Bottom settlings are often semi-solid or solid with properties similar 
to those of semi-solid emulsions or gels, and cannot be broken by any 
methods or means commonly employed. Because of their water content 
and lack of fluidity, these emulsions present transportation difficulties to 
refineries. The Tretolite Company, as well as those major companies 
maintaining large storage reserves, use successfully a special process for 
treating bottom settlings. The water content of bottom settlings is 
not in general much different from that of emulsions from other sources, 



PRACTICAL KNOWLEDGE OF EMULSIONS 


221 


except that some of them are likely to contain less free water, owing to 
the long settling period. 

Crude petroleum emulsions commonly occurring in the oil fields con- 
tain a continuous oil phase which may be referred to as ^‘free oil,^^ and 
a water phase of comparatively low dispersion as “free water.'' In the 
early days, any emulsion with a water content of less than 10 per cent 
was termed “cut oil," but in current usage no restriction as to water con- 
tent is recognized. Ordinarily “cut oil" tends to separate into three 
fairly distinct layers with free oil on top, free water at the bottom, and 
a layer of bottom settlings. Sometimes there is a fourth layer below the 
water, consisting of sand or other solid sediment. The completeness of 
this stratification depends upon the degree of cutting to which the oil is 
subjected, the gravity and viscosity of the oil, and the emulsifying agents 
present. Tank bottoms, such as accumulate in storage and occasionally 
in lease tanks, are sometimes very difficult to treat and are usually more 
difficult to handle than the original cut oil. Stable “BS" is an emulsion 
composed of minute water globules dispersed in oil having a diameter 
less than 0.5 mm.^^^ 

The physico-chemical properties of emulsified oils vary. The most 
common color of an emulsified crude oil is a dark, reddish brown although 
any color, ranging from yellow or green to gray or almost black, may be 
found. The color of an emulsion, compared to the color of the oil from 
which it is derived, is a function of the percentage cut and particle size, 
the darker colors being due to low percentage cut or large particle size, or 
both. The color is also affected by the presence of suspended matter, 
but the effect produced depends upon the particle size and percentage of 
suspended matter and also upon the color of the material itself. White 
sand, for example, will lighten the color of an oil or emulsion in which it 
is suspended. 

Another type of emulsion which is difficult to treat is found in the 
Boryslaw district and is called “Kal ropny"; it occurs also in West 
Galicia, where it is known as “Czernowica." The crudes derive their 
names from the rusty appearance of these emulsions. “Kal ropny," as 
well as “Czernowica" emulsions, contain 40 to 60 per cent brine. Very 
often these emulsions arc considered refinery waste and dumped into 
rivers. In early days oil producers found it best to dispose of these 
highly emulsified oils by collecting and burning them in swamps. 

All emulsions of oil distillates may be grouped under the heading of 
“artificial emulsions." Emulsions obtained during the refining process 
of higher oil fractions are usually very stable. In practice, marketable 
artificial emulsions are intentionally produced in a refinery from refined 
fractions of the crude. Petroleum jelly, or Vaseline, is a purified mixture 
of semi-solid hydrocarbons. Various artificial gels compounded of soft 
wax and a heavy oil arc marketed. Lubricating greases and cheaper 
greases are examples of water-in-oil emulsions stabilized with soap. 

The presence of emulsions in crude oil has its disadvantage since water, 
which is noncombustible, reduces the calorific value of the oil in direct 
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ratio to the percentage of water present. Some pipeline companies refuse 
to accept oil containing more than 2 per cent water, and some mid-con- 
tinent pipeline companies do not accept oil containing more than 0.5 per 
cent of water 

Demulsification Methods 

In choosing the best dehydration method, every well must have its 
crude oil thoroughly investigated. with respect to its characteristics. In 
general, demulsification may be accomplished by several methods: (1) 
topping plants; (2) heat treatment (evaporation in open tanks, closed 
receptacles, etc.) ; (3) action of chemical agents, nullification of the 
emulsifying agent by the addition of substances reversing the emulsion 
type or emulsifying in an opposite direction; (4) desalting; (5) freezing 
out the continuous phase; (6) breaking down by filtration; (7) electrical 
dehydration with alternating current; (8) centrifuging. Among these 
methods three dehydration methods are in general use, i.e., chemical, 
electrical and heating under pressure. 

Heat Treatment 

Heating may be regarded as a method employed in resolving an 
emulsion, as well as an index of the stability of an emulsion, for not every 
emulsion resolves on heating. But prolonged heating is not advisable. 
Wischetrawski proposed the so-called “degree of stability'^ method 
for petroleum dehydrating practice. According to this method, the 
stability of emulsions decomposed by heat under one atmosphere pres- 
sure for one hour is expressed as a fraction, with pressure as the numerator 
and time the denominator, 1/1. The emulsion not decomposed is sub- 
jected to a second decomposition the results of which are expressed as 2/1. 

Dehydration of an emulsified oil by heat is based primarily upon 
lowering the viscosity and interfacial tension and changing the colloidal 
properties of the emulsifier. It is diflScult to generalize on the specific 
effect of heat on the properties of the emulsifier, because the effect depends 
upon the individual case, i.e., the nature of the components involved and 
the physical conditions of the system. A suitable increase in tempera- 
ture is combined with a change in the state of aggregation, and the 
steam and oil vapor formed cause breaks in the surrounding protective 
films. Heat does not cause the separation of water and oil directly, 
but rather accelerates it. The accelerated precipitation of water is not 
solely and always caused by the increase in the difference in the specific 
gravity of the components due to heating. The specific gravity differen- 
tial may decrease or be substantially constant, depending on the kind of 
oil involved. A more rapid precipitation of water on heating may be 
attributed also to a decrease in the viscosity of the oil. The tempera- 
tures to which emulsions must be heated for complete dehydration depend 
to a certain extent upon the nature of the crude-oil emulsion, and may 
vary widely. In heating an oil from 16.55-66.6°, the decrease in density 
amounts to about 3.3 per cent for a mid-continent oil, whereas in heating 
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water from 16.56-66.5® the decrease in density amounts to 1.9 per cent. 
For this reason it is possible to obtain a more rapid separation of oil 
and water at higji than at low temperatures. At a given temperature and 
with oils of the same specific gravity, the one having the lower viscosity 
will separate more readily from the water. This effect is pronounced 
when the amount of oil is considerably larger than the amount of water. 
Increasing the temperature of an emulsified oil from 15.55-65.5® reduces 
its viscosity at times as much as 56 per cent. The rate of separation 
varies with the amount of material charged to the still, the size of the 
still, the amount and degree of dispersion of the water present in the oil, 
and with the stage of the process. Thus, in determining the optimum 
treating temperature, gravity differential and viscosity, both as functions 
of temperature, must be employed. 

Heat dehydration may be carried out either as a simple boiling proc- 
ess in an open tank, or in a ^‘topping plant^^ in which both water and 
oil are drawn off at the same time. In the first process, the emulsion 
to be dehydrated is subjected to evaporation in open tanks or pits by 
superheated steam. This wasteful and. costly process of ^'cooking in vats” 
went out of use a few years ago. From the standpoint of fuel consump- 
tion and oil evaporation, the loss is very great, although many emulsions 
were dehydrated in this way. The fuel consumption is roughly estimated 
at 50 bbls. of fuel oil per 1000 bbls. of oil recovered. The loss of oil 
by evaporation averaged approximately 12.5 per cent on approximately 
21® A.P.I. oil. Depending on the nature of the oil treated and the per- 
centage of low-boiling constituents present, the absolute data vary. 
These facts led to the development of a closed-receptacle plant in which 
the vapors are condensed and the distillate recovered. The dehydrators 
used vary in design and construction from systems with topping plants 
to simple sheet-iron boxes containing coils and having a dome wherein 
vapors are collected. Some dehydrators are operated with direct heat, 
others with steam heat. Very often petroleum emulsions were heated by 
closed pressure steam coils. This practice is bad because the surface of 
the coil, being hotter than the water in which it is immersed, causes the 
globules of water coming into contact with it to vaporize, and then almost 
immediately to condense because of the cooler oil surrounding it. Thus 
globules smaller than those originally present are formed. The final 
result of such heating is a separation of a small amount of water-free oil 
on the surface due to a decrease in viscosity, dispersion causing the forma- 
tion of a finely divided emulsion, like bottom settlings, which is as dif- 
ficult to resolve as any untreated cnide petroleum emulsion. A more 
satisfactory method of using heat for promoting coalescence is the sub- 
mergence of a steam coil in water in the bottom of an emulsion-filled tank. 
As the water is heated, mild convection currents are set up in the emulsion. 
By increasing the temperature of the emulsion, the suspended water 
unites with the water in the bottom of the tank, while the large suspended 
globules respond readily to whatever treatment they may be given. 

High-temperature heating sometimes is a deciding factor in the 
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resolution of an emulsion. Heating above 100° at ordinary pressure is 
accompanied by a violent boiling of the water; therefore heating at this 
temperature is best carried out in an autoclave. Almost all emulsions 
are decomposed in an autoclave, dehydration being a function of time 
and temperature. On cooling of the autoclave, part of the condensed 
liquid accumulates on the walls and at the bottom. If a high-temperature 
heating is carried out and boiling over of the liquids is prevented, a 100- 
per cent yield is possible. When a heavy oil is heated to a temperature 
at which water is driven off, some oil is volatilized and dissipated. The 
lighter vapors contained in the oil, although sometimes of the highest 
value, are also driven off by heating. Wiggins reports that losses due 
to evaporation in heat treatment of emulsions range from 1.75 per cent 
at 84° F to 6.7 per cent at 150° F. Corresponding losses in A.P.I. gravity 
range from 0.65 to 1.99. 

Two phenomena, well known to the industrial chemist, accompany 
heat dehydration: first, a priming or puking of the oil to be dehydrated, 
a kind of explosion caused by a superheating effect; secondly, foaming 
of the emulsion. Observations reveal that there is a certain relationship 
between these phenomena. 

Some form of heat treatment is generally used to remove water from 
oil emulsions; therefore it is of interest to discuss both phenomena, i.e., 
the priming or puking of the oil and foaming, both of which accompany 
heat dehydration. If an emulsified oil is heated too rapidly, it usually 
causes the still to puke. Sometimes puking of the oil is effected by 
irregularities occurring in heating. Occasionally, when the same amount 
of the same oil is charged to three stills of the same size, one pukes more 
readily than the other two. 

Marcet was the first to note that the temperature at which water 
and certain other liquids begin to boil varies with the nature and the 
state of the surface of the container in which the boiling takes place. 
These differences have been attributed to a molecular change produced 
by the surface of the container or by the presence of certain substances. 
It has been suggested that the part these substances play is to bring about 
a more or a less perfect contact, or a more or a less close adhesion between 
the molecules of the liquid and the walls of the container. Whether the 
conversion of the liquid into vapor is made more difficult or is facilitated 
is determined by the action of these substances. 

Evaporation and ebullition are both molecular phenomena. Both 
depend upon the action of heat, and differ in the vapor tension produced, 
as well as in the rapidity with which the change of the liquid into a vapor 
takes place. In ebullition the change in state is sudden and visible, 
occurring throughout the system ; but in evaporation it is slow and pro- 
gressive, being restricted to molecules situated at the surface, or very 
close to it. Any factor increasing the cohesion of the molecules to one 
another, or their adhesion to the walls of the container in which they are 
enclosed, will have a tendency to retard evaporation or delay ebullition. 

Donny,^^^ Dufour,^^^ and Faraday found that water free from air 
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does not boil until it reaches a temperature of 132® and then explodes. 
Such water raised to a temperature of 132® under ordinary atmospheric 
pressure remains as water, but the introduction of the smallest amount 
of air or steam induces it to vaporize immediately and, at the same time, 
its temperature falls. Donny assumed that the superheating phenomenon 
is due to a rupture either in the cohesion of the heated liquid or in its 
adhesion to the container. Under ordinary conditions, liquids begin to 
boil approximately at a temperature required by their vapors in order 
to establish equilibrium with atmospheric pressure. By the effect of 
ebullition, liquids lose the greater part of the air held in solution, the 
boiling of the liquid being influenced principally by cohesion and adhesion. 
The liquid, free from air and heated beyond its boiling point, finally 
releases vapor explosively, and then a lowering of the temperature restores 
a momentary quietness to the liquid. Cohesion is the force preventing, 
or at least delaying considerably, ebullition of liquids free from air. The 
phenomenon of priming or puking, once started, continues to reproduce 
the effect with increasing violence. If the principle that the liquid must 
be free from air in order to produce this phenomenon holds true, then the 
latter may be avoided by passing a gas through the liquid. Donny's 
experiments reveal that this is true only in certain cases. De la Rive and 
Dufour studied the change in state under the influence of temperature. 
They pointed out that the presence of a foreign substance in a liquid 
may hasten evaporation, assuming that the change in state does not 
necessarily occur when a vapor tension equal to the outside pressure is 
produced by heating the liquid, but that it may occur partially because 
of certain changes in the molecular state when the liquid is brought into 
contact with them. 

The solid contacts tend to promote vaporization at a minimum tem- 
perature. Because of this, noticeable differences in boiling point are 
observed when water, alcohol, or sulfuric acid are heated in a glass or in 
a porcelain container (experiments by Donny Marcet ,®22 Mag- 
nus®^®), or when heated out of contact with solid particles. In some cases 
it appears that the contact of solid particles is a determining cause of the 
change in the state of fluids. If a globule of liquid comes into contact 
with a solid particle entrained by currents induced by heat, or with the 
walls of the container, sudden formation of a bubble takes place. If 
water is mixed with sand,^*"*^ with a liquid layer a few millimeters thick, 
the water evaporates more rapidly than the same quantity of pure water. 
Thus the temperature of a w^ater-sand mixture evaporating in air is lower 
than that of water exposed alone under the same conditions. Water con- 
taining sea salt also evaporates less rapidly, producing a smaller degree 
of cooling by its evaporation than pure water under the same conditions. 

Kenrick and his co-workers studied the superheating phenomenon 
of liquids. A study was made of the extent to which liquids may be super- 
heated and the physical conditions under which superheating is possible, 
f.6., where temperatures arc equal to or higher than those where the 
elastic force of the liquid produces equilibrium with the external pressure. 
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The question regarding the location of the ebullient and superheating 
influences also appeared of interest to these investigators. They assumed 
that ebullition takes place locally, either at a few fixed points on the walls 
of the container, or from particles suspended in the liquid from which 
streams of bubbles actually rise. If this is true, the superheating effect 
should depend on the ability of the liquid to wet the material which serves 
as a nucleus. 

Kenrick found a gradation in the effectiveness of the nuclei present. 
Some of them caused ebullition when the liquid was slightly superheated ; 
others were effective only when it was heated to a higher temperature. 
Experimentally, it was not clear whether there was a real temperature 
limit or merely a rapid shortening of the time interval with increase in 
temperature. He also found that the smaller the container in which the 
liquid is heated, the higher the temperature to which it could be heated 
without boiling. Wismer®^^ calculated the diameter of a spherical 
particle acting as a nucleus enclosed by bubbles and found that it was 
equal to 5 x cm. Calculation of the pressure in the bubbles gave 
a value of about 12.5 atm, corresponding to a temperature of about 130° 
(extrapolated). Gilbert^”® calculated the amount of vapor in a bubble 
whose pressure, caused by surface tension, balances the outside vapor 
pressure. Quantities about one hundred times greater than those cor- 
responding to the ordinarily accepted molecular dimensions were deter- 
mined. This led Gilbert to the conclusion that liquids which can be 
heated to temperatures corresponding to abnormally high vapor pressures 
are those which are abnormal in possessing high association coefficients, 
as in Table 1. 

Table 1 



Highest 

Pressure 

Boiling 

Association 

Liquid 

Temperature 

(mm ) 

Point 

Coefhcicnt 


(^C) 


("C) 


Ethyl ether 

143 

11,500 

35 

1.0 

Ethyl alcohol 

201 

22,700 

78 

2.7 

Methyl alcohol 

180 

20,100 

63 

3.4 

Chloroform 

173 

11,000 

61 

1.0 

Acetone 

174 

14,400 

56 

13 

Carbon disulfide 

168 

11,700 

46 

1.0 

Water 

270 

41,200 

100 

2.3-33 

Sulfur dioxide 

50 

6,300 

-10 

1.0 

Benzene 

203 

11,200 

79 

1.0 

Chlorobenzene 

250 

8,300 

132 


Bromobenzene 

261 

6,100 

156 


Aniline 

262 


183 


m-Xylene 

235 


137 



Wismer determined the pressure- volume relations for ether at 121°, 
128°, and 134°, and corresponding pressures above 30 atmospheres to as 
low as 1 atmosphere. He made similar measurements with ethyl chloride 
at 99°, 110°, and 117°. The P-V curve in both cases appears to be almost 
a straight line, and there is no sign of more rapid curving as the limit of 
superheating is reached, although in both cases the temperatures reached 
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at atmospheric pressure were above the maximum calculated from 
Van der Waals' equation. 

The most characteristic points in the superheating effect are the 
extent to which superheating of a given liquid is carried out and the time 
at which a liquid is kept under these conditions. It has been observed 
that these characteristics vary from one experiment to another. Kenrick, 
Gilbert, and Wismer attempted to work out these questions concerning 
superheating phenomena. Previous work indicated that the superheat- 
ing of liquids is closely allied to the “stretchings^ phenomena of liquids, 
as well as to supersaturation of gases.®^^ 

Supersaturation is favored by long heating of a solution at high tem- 
perature. Liquids saturated with gases at concentrations corresponding 
to a pressure of over 100 atmospheres showed that when the pressure was 
reduced to one atmosphere no bubbles were formed in the liquid. In the 
case of superheating of liquids, Kenrick, Wismer and Wyatt observed that 
with a rise in temperature there is a very rapid shortening of the time 
interval between the lowering of the pressure and the formation of 
bubbles, in spite of the fact that the absorption coefficient of the gas 
decreased but little with temperature rise. There is definite evidence 
in favor of the old theories of the superheating phenomenon, namely, that 
liquids must be free from gases and air to exhibit superheating effects. 

Krebs removed air from water by mixing the latter with alcohol 
(about three times the volume of water) and boiling down the mixture 
to a small volume (the boiling point increased steadily to 107°). When 
a very large flask was used and the mixture evaporated to a small volume, 
the boiling point could be still further increased. In boiling this water- 
alcohol mixture, Krebs observed for the first time the coexistence of 
superheating and foaming. 

There is a certain analogy between the liquids and emulsion systems in 
respect of the superheating phenomenon. In emulsions the superheating 
effect finds its explanation in the behavior of the interfacial phase. As 
early as 1836, Magnus®^® showed that water with oil poured over it 
shows a considerably delayed ebullition. If oil is poured upon water, the 
explosive boiling is much more violent. Rideal proved that evapora- 
tion of water from a surface is considerably diminished in the presence 
of fatty acids, such as stearic and oleic, as compared with evaporation 
from a free surface.--- An increase in the concentration or in the pres- 
sure upon the surface may also delay evaporation. It is to be expected 
that surface layers in a condensed or a vapor state primarily influence 
evaporation. When an oil-in- water emulsion is heated, the continuous 
phase covered with a thin layer of oil must be heated to a higher tempera- 
ture than the boiling point of water in order to initiate boiling. A sudden 
decrease from a higher to a lower boiling temperature may be attributed 
to a change in the Brownian movement during the heating, causing a 
cessation in the continuity of the interfacial oil skin and a decrease in 
temperature. 

Taylor,®®^ in his article on “The Structure and Decomposition of 
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Liquid Skins/' states that monomolecular layers actually do have thick 
spots which interfere with their stability. It is possible that the problem 
as to whether skins in the interface are factors in the explanation of the 
superheating phenomenon in emulsion systems may be solved experi- 
mentally, using dyestuffs. Frumkin, in his work on the spreading o£ dye 
substances on a water surface, proved that the presence of two competing 
substances on the same water surface can be demonstrated. When a 
drop of oleic acid is placed on a water-crystal violet dye surface, the 
oleic acid molecules displace the dye molecules and the dyed layer sinks 
streaming to the bottom. On a water surface previously covered with an 
oleic acid film, the crystal violet dye particles remain colorless upon the 
surface. Tetraiodofluorescein behaves similarly. Perhaps by means of 
such a dye it will be possible to prove whether superheated water in a 
water-oil emulsion is actually covered with a thin layer of oil, causing 
a decrease in evaporation, depressing ebullition and, consequently, pro- 
ducing the superheating effect during dehydration of crude-oil emulsions. 

Foaming is a phenomenon closely connected with heat dehydration 
of emulsified oils. Very often emulsions in their original state cannot be 
subjected to distillation without foaming. Foaming is, of course, undesir- 
able, not only because redistillation is necessary, but also because of the 
imminent fire hazard. It is believed that incipient foam formation with 
rapid breaking down of the foam itself plays a significant role in the 
dehydration mechanism. Pressure and high temperature are two factors 
which favor dehydration, and at the same time reduce the foaming 
tendency of the emulsion system. Pressure weakens the foam film struc- 
ture; at higher temperatures the ability of the oil to make and to main- 
tain individual foam lamellae is decreased. In petroleum emulsions the 
emulsifying agent is usually asphalt, ^'soaps," or mineral matter, and 
the decreased foaming with increase in temperature is due less to a change 
in composition at the temperature at which foaming ceases than to a 
decreased protective action. 

A number of experiments have been carried out by Egloff and Berk- 
man on foam formation in heat dehydration of emulsified crude oils. 
The first question arising in connection with the problem concerns itself 
with the conditions under which foam originates. 

(1) It was found that for the same temperature more water is 
separated out from an emulsion when a vapor space is present than when 
no vapor space exists. When one-fourth, one-half, or three-fourths of a 
still’s capacity was charged with a crude-oil emulsion containing 36 per 
cent of water and heated to 121.1° under 2.74 kg/sq cm pressure, 10-12’ 
per cent of water separated out. When a full charge was maintained at 
the same temperature, but with a pressure of 3.31 kg/sq cm, only 6 per 
cent of water separated out. The lack of vapor space prevents sub- 
stantial foam formation which probably accounts for the difference in the 
dehydration effect. 

(2) A series of tests was made with 16 samples of emulsified Cali- 
fornia oils to determine their foaming properties. The oils were charged 
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in beakers, immersed in a glycerin heating bath and the foaming proper- 
ties and height of the foam noted. The oils treated had a water content 
ranging from 6 to 69 per cent. The temperature of the glycerin bath in 
these comparative tests was maintained constant at 177°. It was found 
that under the temperature conditions existing the foam column in the 
emulsified crude oil varied from one and one-half inches to over five inches 
in height. It is interesting to note that a mixture of California oils 
No. 6 and No. 2, taken in equal portions, showed a foam column height 
greater than when the oils were subjected singly to the same heating. 
California oil No. 6 with 6 per cent water: foam height, 3.8 cm. 
California oil No. 2 with 30 per cent water: foam height, 10.5 cm. 

A mixture of the two oils in equal proportions: foam height, 11.8 cm. 

This indicates, as far as these tests are concerned, that the foaming 
properties of emulsified crude oils are not additive when mixed. One 
would expect a decrease in the foam column of California oil No. 2 due 
to the addition of an oil having a low water content. However, this 
is not the case. As a matter of fact, the diluent oil No. 6 did not decrease 
the foam column, but actually increased it. 

(3) Distillation of crude oils of varying origin revealed that foam 
formation in emulsified oils depends greatly upon the nature of the 
crude oil. The oils compared were from Casmalia, Santa Maria, Lompoc 
and Efson oil wells. Casmalia oil is very persistent in foaming; Santa 
Maria oil foams slightly; Lompoc oil foams strongly, and the foaming of 
Efson oil shows explosive characteristics. 

Some emulsified oils distill quickly and then begin to foam after 
distillation has proceeded for some time, whereas other oils foam violently 
from the beginning of heat application. 

Lompoc emulsified oil from Efson well No. 10 produced more foam at 
149° than any Santa Maria crude oil tested, but Casmalia crude oil was 
the most persistent foam producer of all those tried. It was found further 
that the Lompoc oil acted in an explosive manner when heated. To 
overcome the violent bumping of this oil, gasoline was added to it uid 
the foaming test conducted. The oil evaporated in a much less violent 
manner, but spattered and sputtered during the heating, and the foam was 
not persistent. This indicates that the gasoline added to the Lompoc 
emulsified oil has a marked influence upon its foaming and evaporating 
properties. 

Some emulsified oils, upon application of heat, form relatively small 
foam bubbles, and others produce large bubbles. 

(4) The effect of temperature on the foaming properties of an emul- 
sified oil was studied as a function of the depth of the liquid placed in 
the tube. The oil investigated was Santa Maria crude oil containing 29 
per cent of water. The procedure was to charge glass test-tubes 2.24 cm 
in diameter and 20.3 cm long with 1, 2, and 3 cc of Santa Maria emul- 
sified oil, and to immerse them to 17.8 cm of their length in a heated 
glycerin bath. After the glycerin bath had reached the desired tempera- 
ture, the tube containing the emulsified oil was introduced. At the 
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beginning of the test, the emulsified oil distilled quietly with little foam- 
ing. As vapors passed from the top of the tube, a time was reached 
when the foam, which started in a fine division, became coarse and per- 
sistent. The foam rising in the tube became at times somewhat irregular, 
seeming to give a breathing action, but finally attained a maximum and 
then gradually subsided. The maximum height which the foam column 
reached was recorded, and all comparisons were made in a similar manner. 

It was found that the foam column of the Santa Maria emulsified oil 
increased as a function of the depth of the oil in the tube ; it also increased, 
as a function of the temperature employed, to a maximum which was 
attained at 140° glycerin bath temperature, the foam column decreasing 
as the temperature of the bath reached 176°. 

Table 2 gives the order of foam formation as a function of temperature 
variation, and depth of liquid employed during this scries of experiments: 


Table 2 


Temperature of Bath 

/ 

Volume emulsified oil used 

■» 

CC) 

1 ce 

2 cc 

3 cc 

125 

16 

19 

32 

140 

32 

52 

80 

150 

34 

49 

70 

160 

26 

42 

50 

176 

23 

33 

44 


(5) Finally, from a series of tests in which California emulsified 
crude oils were dehydrated, it was ascertained (a fact already indicated 
by Krebs that foaming in heat dehydration was combined with the 
superheating effect discussed previously, as well as with self-cooling. 
Usually, during the heating of California emulsified oils, the temperature 
rose quite rapidly to a little above the boiling point of water, where it 
remained relatively constant for a time until a portion of the water was 
distilled from the oil, the temperature rising until a maximum was reached 
when the oil was dehydrated with a few fine drops of water still dispersed 
in the tar residue. With several of the emulsified crude oils, a marked 
departure from the behavior just described was noted. 

Santa Maria crude oil from Rice Ranch well No. 2 showed a distinct 
superheating effect with rise in temperature, followed by more or less 
foaming, a drop in the temperature of the oil taking place despite the 
fact that the oil was still being heated. In other words, water was appar- 
ently held in the oil above its boiling point and, by this superheating, 
suddenly formed steam with cooling taking place in the liquid. There 
would therefore be one of the following mechanisms: either the emulsion 
system during this period absorbs heat from the oil faster than it can be 
supplied from an external source to the extent of producing a cooling 
effect (manifested by an actual drop in the temperature of the oil) ; or 
under critical temperature conditions the protective films are ruptured; 
or else chemical changes occur in the emulsifying agent (a dissociation 
of the hydrates of the hydrocarbons present in the emulsified crude-oil 
system), which remove heat from the system, thereby cooling it. 
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Roberts* suggests considering the effect as entirely analogous to those 
observed in running cooling curves on crystallizable systems, in which the 
heat of fusion is suddenly liberated, thereby arresting the normal rate 
of cooling or even causing an increase in temperature. In the case of 
emulsions the temperature decrease is due to sudden abstraction of the 
heat of vaporization, with consequent cooling, while the superheating is 
caused by the increased boiling point of water under the high internal 
pressure existing in small emulsion droplets. 

In Table 3 are indicated on two samples the three phases in heating 
characteristics of a Rice Ranch, Santa Maria, crude-oil emulsion which 
exhibits foaming. The data give complete support to the latter explana- 
tion. 


Table 3. Foam in Heat Dehydration Combined with Superheating Effect 

and Self-cooling 

Phases in 

Heating Temperature Characteristics 

Prooess (**C) of Foaming 


I Phase 
II Phase 

III Phase 


I Phase 
II Phase 
III Phase 


Oil Sample No. 1: 

Up to 111.1 Little foaming 

Drop in temperature to 1022 

constant for a time Foam column rising. 

Rise in temperature from 102.7 

to 104.4 Foam column starting to collapse 

Oil Sample No. 2: 

Up to 1072 Slight foaming 

From 1072 to 1022 Foaming increasing 

From 101.6 to 111.1 Foaming rapidly receding 

At 150.0 Foaming almost zero 


Comparatively few patented types of heat dehydration equipment 
take into account the foaming ability of oils, even though practice shows 
quite a number of cases in which foaming has occurred during dehydra- 
tion. Seyffert suggests using a spiral heating apparatus connected with 
an evaporator to prevent foaming of liquids during vacuum distillation. 
Paulik removes foam from continuous ^^Malaxers” by utilizing angular 
troughs leading into a central container. Spilker conducts distillation 
by leading the liquid over a series of vertical plates against a current of 
vapor to prevent foaming. Nauman recommends a foam-prevention 
device. Prutzman describes a dehydrating apparatus for foaming oils 
comprising a retort, a steam coil near the bottom of the retort, and a 
second coil, through which oil is introduced into the retort, located above 
the steam coil. Pressure in the retort is atmospheric. Treating the emul- 
sified oil consists in driving off the lighter fractions of oil, as well as 
water, and forcing small jets of the emulsified oil against a heated body 
beneath the surface of the oil. In treating oils which foam, foaming 
occurs in the dehydrating tube, from which the vapors emerge through the 
restricted discharge openings in amounts insufficient to disturb seriously 

* Roberts. Private communication. 
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the oil mass in the retort. Jetting of the heated oil aids the dehydration 
of foaming oils. 

Foam may be broken by passing it through two series of grating 
plates, one series of which is adjustable with reference to the second 
series, as patented by Kichalik.^®® Foaming during steam distillation, 
or during the determination of water by the Bidwell-Sterling method of 
xylene distillation, is prevented in many cases, according to Hart,^^® by 
the addition of a mixture composed of 3-5 g of sodium acid sulfate, 2-5 g 
of lump rosin, 5 cc of oleic acid, a small piece of paraffin, some mineral oil, 
a solution of a barium or a calcium salt, and a few drops of amyl alcohol. 

Dehydration by heating of crude oil or water containing high-boiling 
tars or highly viscous liquids of a high critical point is accompanied by 
evaporation of water from the heated liquid by the formation of foam. 
Bringing the foam into contact with a liquid which has a high critical 
point and a temperature higher than that of the foam which it dissolves 
when caused to flow has been suggested. 

W. Ostwald and A. Siehr proposed a new method and apparatus 
for circular destruction of foam, whereby the foam originating in the 
system is taken up and dehydrated. The method is claimed to be suitable 
for resolving the difficult and not readily destroyed foams, e.g.y albumin 
and stearate foams. By resolving the foam a stearate sol is formed. 

According to Belani,^® the use of protein, gelatin, dextrin, and casein 
preparations in the manufacture of paper often causes foaming. Petro- 
leum, fat, milk, peanut oil, whale oil, oil of cloves, various vegetable oils, 
and alcohols of the fatty acid series have been found to decrease foaming. 
A mixture of linseed oil and alkali is very effective in preventing foam- 
ing. Alkali glues have been found to foam more strongly than neutral 
bone glues. When heated too strongly, animal glues give off protein 
decomposition products which cause profuse foaming. 

RusselM^^ observed that foaming results when sludge does not go 
beyond the first stage in digestion, or beyond the period of intensive acid 
production during the decomposition of soluble carbon compounds and 
the breaking down of cellulose. To prevent foaming, the bafiies and the 
slot below them should be kept clean so that putrefaction does not occur 
in the sedimentation compartment. Floating material should be removed, 
and scum in gas vents broken up and pushed down into the digestion 
chamber. Removal of some of the sludge may reduce or stop foaming. 
Addition of lime to maintain the pH above neutral is recommended. A 
small dose of chlorine added to the sewage entering the tank reduces the 
tendency to foam. 

Meyer,®^^ reviewing available methods for reducing undesirable foam- 
ing in technical operations involving colloidal solutions, states that the 
addition of a number of organic liquids to a foam formed in a glue solu- 
tion, for example, showed that fatty acids were more effective in destroy- 
ing this foam than their corresponding alcohols. No relation whatsoever 
has been found between the surface tension of the liquid and its power 
to destroy foam, but in homologous series the prevention of foaming 
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increased with an increase in the molecular weight of the compound. 
With an increase in the concentration of the glue, the foaming ability 
reached its maximum. 

Several methods have been proposed for the prevention of foam for- 
mation or its destruction after it has been formed. Boutarie discusses 
the destruction of foam in connection with emulsion practice. For the 
prevention of foam, the Electro-Chemical Engineering Co.^^* uses two 
electrodes placed in a liquid metal touching the foam bubbles. When 
the electrode is connected with a current, the foam bubbles are electrically 
discharged and the foam is destroyed. This is explained by the ability of 
colloidal solutions to adsorb ions. 

The most common foam-breaking or foam-preventing method is that 
of adding a chemical agent which acts in the desired direction. Investi- 
gating the foam-preventive action of various oils, Worobjew*®* found 
that that of castor oil is greater than that of linseed oil ; this action is also 
greatly increased on oxidation. The velocity of foam destruction pro- 
ceeds parallel with the decrease in surface tension of the solution. Clark- 
son ®® prevents foaming by adding to the foam-forming liquid less than 
1 per cent of liquid organic compounds, fraction 133-210® or 160-210°, 
obtained by high-pressure hydrogenation of carbon monoxide. These 
organic compounds may be mixed with benzene. According to another 
patent,®® the decrease of foam formation is brought about by adding alco- 
hols, obtained as by-products in the catalytic pressure synthesis of 
methanol, when all ingredients boiling below 200-225° are removed. The 
action of the dispersion medium may be increased by adding a fraction 
boiling between 130-200°. Ethyl alcohol, methyl alcohol, acetone, pine 
oil and castor oil, etc., are also called dispersion agents. 

Schmidt®^®* considers liquid and paste-like sulfonation products as 
foam-preventing agents. National Oil Products Co.®®* adds to the foam 
to be destroyed paraffin, fatty acids, pine oil dissolved in water with a 
suitable dispersion agent, such as sulfonated oil or tallow; for example, 
40 parts of paraffin and 10 parts of aluminum stearate are heated until 
dissolved and then 60 parts of sulfonated tallow is added. The mixture 
is heated to about 75° for 15 minutes with constant stirring, and then 
cooled. 

Bendieu ®® recommended prevention of foaming in microkjeldahl deter- 
minations by the addition of traces of cholesterin (3-5 drops, 0.5-per cent 
alcoholic solution per 20 cc). Larger additions would cause formation 
of foam again. 

Standard Oil Development Co.®*® prevents foams in mineral oil-water 
emulsions resulting from oil-soluble sulfonates as well as from ammonia 
or ethanolamino salts. To the emulsion system are added 0.2-2 per cent 
of saturated high molecular fatty acids, such as stearic acid or acids 
originating in oxidation of paraffin. The amount added is related to the 
amount of the emulsifier. 

It has been found that frothing of mud (degasification) can be mini- 
mized or completely eliminated, and petroleum emulsions simultaneously 



234 


EMVLSIONS AND FOAMS 


resolved, by the introduction of isoamyl alcohol. The amounts of the 
latter needed are given in a diagram.^®® 

Methods and Equipment for Heat Dehydration of Hydrocarbon 
Emulsions. The heaters for crude-oil emulsions are classified as follows: 
(1) high-pressure steam, (2) low-pressure steam, (3) coil-type boiler 
heaters, (4) direct-flame boiler heaters, and (5) pipe heaters.®®^ 

Concerning the advantages and disadvantages of these types it is 
said that high-pressure steam heaters are cheap to install and main- 
tain, and occupy only a small space. The cost of the steam is high. 
Low-pressure steam heaters are generally made from old boilers and a 
heat exchanger, and are suitable for locations where boiler feed-water is 
expensive or corrosive. The installation is cheap, but the heater used 
must contain more heating surface, owing to the lower heat-transfer rate. 
Steam and condensate return lines must be larger than when high-pres- 
sure heaters are used. 

Steam heating of the emulsion in a tank is not considered good prac- 
tice, because of the possibility of the tank boiling over and of the loss 
of light fractions, except where the crude oil is heated to drop out sand 
or to reduce its viscosity for pumping. Coil-type heaters are essentially 
the same as low-pressure steam heaters in which the heating coil is placed 
inside the boiler. It may be made from oil boilers by removing the upper 
half of the .tubes and installing a new tube-sheet welded in to take the 
oil tubes. A baffled head is provided to cause the oil to make as many 
passes as possible through the heater. The advantages and disadvan- 
tages of this system are similar to those of low-pressure steam heaters. 
The coil-type heater should be more efficient than the low-pressure steam 
heater as there is less surface for radiation, the heating coil being 
immersed in the fluid inside the boiler. The direct-flame boiler heaters 
are boilers which have been converted to oil heaters. They are either the 
small vertical, locomotive fire-box, or return tubular types. The boiler 
heater holds a relatively large volume of fluid as compared to other types 
of heaters, and therefore is frequently used for heating oil on the flow 
line of wells. When properly installed they give very little trouble. 

Pipe heaters are of two types, the large heater that follows the design 
of pipe stills for refining work, and the small unit made from casing and 
pipe available on the lease. The pipe heater is particularly applicable to 
heating large quantities of oil where the flow is continuous. Its efficiency 
is higher than that of the boiler-type heaters, and is comparable with 
that of the coil type. The pipe heater requires less space than any other 
type except those using high-pressure steam. Oils of any gravity and 
containing sediment can be heated in these heaters provided the flow is 
high enough to prevent deposition of sediment in the tubes. The small 
pipe heaters are relatively low in cost and may be used for continuous 
flow. 

Every heat dehydration plant must be adapted to the type of crude 
oil to be heat-treated. Wagner,®^® treating Mexican crude of 9® gravity 
with 20 per cent bottom settlings, states that this oil is a typical example 
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in which gravity and viscosity make the use of any chemical treatment 
difficult, since this depends on an intimate admixture of the reagent with 
the disperse phase. 

Closed steam coils are not adapted to the high temperatures necessary 
for the heat resolution of an emulsion. Neither are open steam coils 
suitable, for the steam ejected directly into the oil produces emulsification 
to a greater degree. Wagner found a tube still apparatus more satisfac- 
tory. Open heater pits equipped with closed steam coils were constructed 
adjacent to a large earthen reservoir holding the stock emulsion. This 
stock emulsion was drawn into the pits and heated to 160° F to separate 
the greater part of the free water carried with the oil. The oil from the 
heater pits was pumped through a preheater constructed of 16-inch pipe 
containing superheated steam coils and heated to 240° F ; a part of the 
water separated in the preheater. From the preheater the oil entered the 
tube still in which the oil and the emulsion were subjected to a tempera- 
ture ranging from 280° to 340° F, depending upon the pressure main- 
tained in the still. The still was washed with fresh water every 24 hours 
to remove the salt deposits. When the alkalies contained as impurities 
in the oil pumped from the wells came into contact with the oil at or 
above 260° F, stable, soapy substances were formed. The operation in 
this type of dehydrator is dependent on temperature, that is, when the 
temperature of the oil and impurities is raised to 260° F, they are then 
drawn off into a separator and allowed to cool. After the oil and impuri- 
ties have separated they are readily removed from the tank. 

Steam is usually employed as a heating medium and generated in a 
plant separate from the dehydrator. In the Arnold dehydrator, the 
steam-generating plant and the dehydrator are arranged as a unit struc- 
ture, the pipes conducting the oil being located inside the steam-chamber 
of the boiler. In treating oil mixed with water and gas, Daughdrill 
used an apparatus consisting of a tank with oil and water outlets at 
different levels and a separating drum having a gas outlet. Means for 
delivering the emulsion into the drum to separate the gas from the mix- 
ture are provided. This tank is further provided with a pipe for convey- 
ing the mixture from the drum into the lower compartment of the tank, 
with delivery pipes extending from the first pipe having an outlet into 
the tank, with steam nozzles inside of every delivery pipe, with a steam 
pipe connected with every nozzle, and with a water inlet pipe into every 
steam pipe. 

Wilke proposes the following method for the dehydration of petro- 
leum hydrocarbons. The emulsion is heated in a container to 100°. Water 
and light hydrocarbons are converted into vapor, while heavier hydro- 
carbons settle out from the liquid. The vapors given off are condensed 
by cooilng, and the condensate, consisting of light hydrocarbons and 
water, is recirculated into the evaporator to the coolest section of the 
bottom. Since renewed evaporation due to the low temperature does not 
take place here, the water settles at the bottom, whence it is drawn off. 
The light hydrocarbons rise and mix with the contents of the container. 
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As a result of this back flow of the light liquid condensate into the liquid 
which is to be dehydrated, it becomes more fluid, facilitating separation 
of the water. 

Tatman patented an improvement for oil separators, applicable to 
a device for treating crude oil direct from oil wells, for separating-water 
from the oil. The apparatus comprises a coil for circulating oil, a heat- 
ing coil enclosing the circulating coil, and a water tank arranged above 
the heating coil. The ends of the heating coil are connected with the top 
and bottom sections of the tank, and a by-pass establishing communica- 
tion between the portions of oil at both ends is arranged in the coil at a 
point below the tank. Wikner provides a heating container for coal-tar 
and crude petroleum with means for keeping the liquid contained in it at 
a constant level. A heating coil through which the hot liquid circulates 
is located just below. The many pipes leading from the interior of this 
tank have openings just above the level of the liquid surface in the tank. 
The water vapor or other vapors pass down through the bulk of the 
liquid, the latter being heated, and the vapor is condensed. 

Gardner describes a crude-oil treating tank of any desired capac- 
ity in which the mass is passed through a coil and the impurities sepa- 
rated by heating. Baum’s dehydration equipment is constructed prin- 
cipally of an outside casing with a conical double-walled shell arranged 
on the inside, the diameter of which increases downward to provide a 
heating chamber open at its lower end containing a heating coil and a 
feed pipe leading into it. A continuous flange formed on the upper side 
of the conical shell serves as a receiving receptacle. The oil is heated to 
the temperature necessary to separate it from the water. 

Conway’s®® device for heat treatment of crude oil separates from 
water not only oil, but impurities as well. The oil separator has a cham- 
ber for water provided with plates at both top and bottom. A fire-box is 
arranged below the bottom plate and a smoke-box is located above the 
top plate, both being connected with a chimney. Straight heating tubes 
for the water extend between the two plates. Perforated spray pipes are 
placed vertically between the lower parts of the heating tubes in the 
water space. The inlet pipe for oil projects through the side of the con- 
tainer. The water is heated to a predetermined temperature. 

Brady ®® describes a dehydrator consisting of a tank, a valve at one 
end of the taok and a second valve at the other end of the tank. The 
first valve regulates the liquid level in the tank; the second opens at a 
higher level of the liquid in the tank. Means are provided to adjust 
these valves so that they can give variations of their maximum open 
positions. Pollak’s®“ apparatus and process dehydrates oil as rapidly as 
possible and at the lowest temperature permissible to avoid distillation 
of the oil. The dehydration action varies according to the quantity of 
the emulsion and the flow of the oil to be treated. A chamber with a per- 
forated plate at the top and a series of horizontal perforated plates at 
the bottom from which oil drips comprises this apparatus. Steam coils 
are arranged in staggered positions over which flows the oil to be dehy- 
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drated, the steam supply for these coils being controlled. Condensers 
and individual chambers for receiving the liquids condensed are provided. 
Vaporization imder atmospheric pressure takes place in this dehydration 
process. 

Hurst patented a type of heat dehydrator causing a rapid coales- 
cence of the minute droplets of water contained in the treated emulsion. 
The emulsion passes from the coil located in the treating chamber and is 
conducted through pipes at a temperature of 150 to 180° F. The oil is 
heated effectively with a minimum heat loss due to the use of a partic- 
ular type of fire-box and coil construction, as well as to the arrangement 
of a preheater above the treating chamber so that no heat remains in 
the combustion products. The tubes in which heating takes place are 
provided with sinuous baffles; the water in them is evaporated, prefer- 
ably by heating to temperatures ranging from 200 to 230° F. The 
^^Metan” dehydrator for breaking crude-oil emulsions, described by 
Burck,'^'’^ is a combination of a preheater and separator. The crude-oil 
emulsion is drawn by suction into the preheater, which contains steam 
coils. From the preheater the hot emulsion is pumped into the separator 
which contains baffles and is kept at a pressure of 10 atmospheres. The 
oil separates at the top and is forced through a coil in the bottom of the 
preheater to a storage container. 

Oil recovery from aqueous emulsions recommended by Erfurt^s^®®* 
method consists in allowing the aqueous emulsion to flow slowly over a 
suitable heated surface provided with cross bars where the disintegrated 
emulsions are recovered in a receptacle and in which the oil is separated 
from the water, 

Novotney and Hunter claim that petroleum emulsions are resolved 
by causing them to flow in a looped stream, the branches of the loops 
being in heat-exchange relation. The stream is heated in the turn of the 
loop, so that the emulsion rises through an accumulation of heated heavier 
components previously separated at a lower temperature. 

According to Bailey,^® crude-oil emulsions are first heated in a heat 
exchanger and by means of water vapor indirectly heated to about 100°, 
after which they are passed through a bundle of tubes cooled from the 
outside. The emulsion is broken and the water withdrawn from below 
the bend containing the bundle of tubes. 

Volokh discusses the difficulties experienced in various refineries 
through the contamination of crude oil with water and other admixed sub- 
stances. The ash content of crude oils is stated to be lower than the total 
of admixtures composed mainly of naphthenic acids or their soaps. These 
admixtures are separated by heating the crude oil in heat exchangers. 

Hering reports a process for dehydrating hydrocarbons by circu- 
lating oil through a coiled pipe heated by steam. The temperature is 
maintained constant and the degree of dehydration is estimated from the 
amouiit of the condensate in the condenser. Hot water is used as the 
heating medium and low-pressure steam is provided for the operation of 
a pump, which produces a regulated vacuum. Asiatic Petroleum Co., 
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Ltd.^^ proposed a method and equipment for dehydrating hydrocarbon 
emulsions in which salt-containing crude petroleum emulsions are led 
continuously into the top of a vessel partially filled with hot dehydrated 
oil (about 100°). Water is evaporated and the precipitated salt floats in 
the oil instead of forming a solid crust on the walls of the vessel. The 
dehydrated oil is conducted continuously by pumps through a heater. 

Kauffmann^**^ patented the interior construction of a cylinder pro- 
vided with openings at the bottom. The liquid in the cylinder is main- 
tained at a lower temperature than that on the outside, which serves to 
prevent priming. Steam passed through an upper coil in the apparatus 
heats the emulsion to the desired temperature. A special arrangement 
on the steam coil functions as a safety valve to prevent the accumulation 
of condensed steam in the steam coil. 

Dyer,^*® in his work on dehydrating hydrocarbon oils, used a series of 
closed containers, each of which was provided with a tubular heat-circulat- 
ing system equipped with vertical and longitudinal bafiSes arranged to form 
a torturous path for the oil. Heat from an outside source was supplied 
to the tubes of one container, vapors from this receptacle passing through 
the tubes of the adjoining container; this process continued for the entire 
series. According to Carrol,®^ a warm or hot emulsion of fat and water 
is placed in a chamber provided with an internal, contracted neck fitted 
with a short tube in which the fat solidifies, the space surrounding the 
top of the peck being filled with cold water. After the fat has solidified, 
it may be removed by drawing a scraping disc through the tube. The 
container into which the emulsion passes at the bottom may be provided 
with a horizontal partition having an opening over which funnels are 
inverted to collect the solidified substance. The top of every funnel is 
flared outward and all funnels are united by shallow channels. 

Hopkins dehydrates refuse oil to a point where it is “cut” to less 
than 3 per cent (Gauger’s test) , removing at the same time the greater 
portion of foreign matter which it may contain. This crude oil dehy- 
drator includes a casing divided into upper and lower oil chambers with a 
heating chamber between. Many open, bent tubes connect the oil cham- 
bers, every tube itself having many tubes mounted concentrically in it 
and spaced apart to form many heat and oil passages. The heat passages 
are connected, forming a continuous conduit having both heat inlet and 
heat outlet openings. Although live steam is utilized as a heating agent, 
any other heating agent, such as heated water or air, may be employed 
with good results. There are condensers connected to the casing to handle 
the vapors arising from the heated oil. 

Twine,*®® discussing the dehydration of water-gas emulsions in Nich- 
olls plants in which about 1,750,000 gallons have accumulated over a 
period of years, points out the failure of such methods as direct heating, 
steam-coil heating, and others, emphasizing the fact that in order to 
dehydrate these emulsions successfully it is necessary to maintain (1) 
constant water content of the emulsion to be treated; (2) constant tem- 
perature of the feed to the still; (3) regularity of the feed to the still; 
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(4) uniformity in heating the still ; and (6) the output of tar below 0.5 
per cent of water. 

Williams developed a unique method for the removal of water from 
crude oil. The process involves a closed system both for the emulsion to 
be treated and for the steam employed for heating. The apparatus con- 
sists of a series of units of three pipes telescoped together. The cold 
emulsion enters the middle pipe of the first unit, passing through every 
unit until the last pipe is reached where the final temperature is obtained. 
Steam is applied to the inside and outside pipes of the last two units. 
From the middle pipe of the last unit the emulsion, after reaching the 
temperature required to break it, reverses its course and passes back 
through the unheatcd inside and outside pipes. Heat is applied to the 
incoming cold emulsion, leaving the system at a temperature slightly 
above that of the original cold emulsion. 

A plant for dehydration of highly contaminated petroleum has been 
described by V. P. Bat.^® 

An emulsion -treating plant capable of handling 20,000 barrels of fluid 
per day has been constructed by the Magnolia Petroleum Company. The 
plant consists of two 104 h.p. boilers, a number of tanks, six 185-barrel 
treating units, pump station, and auxiliary equipment. The fluid passes 
through a series of coils at the boiler in which it is heated to about 180° 
under a pressure of 300 lbs. From this point the fluid passes to the 
treaters without cooling and the basic sediment and water are run to pits 
and the oil to a gun-barrel separator.'*^'* 

Th. H. Jackson describes an apparatus for dehydrating tar emul- 
sions in which the emulsion to be dehydrated is heated by live steam. 
J. W. Hays^^^ patented a heating apparatus for breaking down emul- 
sions. Any kind of emulsion can be handled and, if necessary, the tem- 
perature of the liquid may be raised high enough to vaporize some of the 
heavier oil fractions as well as the lighter ones. The apparatus consists 
of a combined heater and dephlegmator. The heater comprises an elon- 
gated furnace chamber, placed in a vertical position, and means for pro- 
ducing heat in a radiant form in the upper part of the chamber by flame- 
less catalytic combustion of a fuel. In the lower part of the chamber is a 
discharge opening for combustion products. This chamber is surrounded 
by one through which the emulsion to be treated is circulated in an 
upward direction. Between the upper part of this chamber and the 
dephlegmator is a pipe connection. 

A modern steam plant for breaking and settling “BS” emulsions com- 
prises a battery of at least three tanks. In the first tank or ‘^gun barrel” 
the crude emulsified oil is heated with steam. Care is taken to heat the 
oil to the proper temperature, which is thermostatically controlled. The 
temperature for breaking emulsions was found to vary from 122° to 
160° F, depending on the type of crude and the nature of the emulsion. 
From the '^gun barrel” tank the oil flows to a second tank where its heat- 
ing is continued; it then flows to a third tank in which traces of emul- 
sion not yet removed are broken up. From the third tank the oil flows 
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into storage tanks where it settles to remove the last traces of and 
water. This process is continuous and can be carried out without inter- 
ruption for weeks and months. The salt water accumulating in the ‘‘gun 
barrel,” as well as in the other tanks, is drawn off from time to time. 

A gun barrel heater for treating oil-water emulsions commonly termed 
“BS” has been described in the Petroleum Engineer, p. 55, December, 
1932. Its construction is simple. The dome of the boiler is connected to 
a coil in the gun barrel and a return line from the coil is connected to the 
side of the boiler, forming a closed-steam circulation system. The coil is 
above the boiler. A lubricator is welded into the side of the dome for 
adding make-up water. The normal working water level of the boiler is 
half way up in the dome. Water is drawn from the gun barrel until the 
oil level is below the point where the coil is to be installed. By installing 
the coil high in the g^an barrel no heat is lost from the siphon. The ther- 
mal eflSciency is high (65 per cent) . The metal that comes into contact 
with the salt water is the coil in the gun barrel, which may be replaced 
at a small cost. The boiler heater easily handles about 5 barrels per 
24 hours per square foot of heating surface. 
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Fia. 1. General Sketch Shotting Field Heating Plant for Treating Emulsions. 


Ross (Great Lakes Pipe Line Co.*^®) considers the “gun barrel” tanks 
efficient in treating cut oil. This is a three-way treatment, i.e., heat, 
wash and chemical. 

The gun barrel is shown in Fig. 1. For two-thirds of its height the 
gun barrel is filled with salt water, maintained at a definite temperature 
by means of steam coils set above the tank floor. As the oil descends the 
boot, the cut oil rises through the heated mass of salt water, and is heated 
and washed thereby. The pipe-line oil from which the emulsion has 
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been separated rises to the top of the fluid level in the gun barrel. 
The “BS” is broken into its two component parts of oil and water, while 
the latter stays behind in the wash; the oil joins the free oil. Surplus 
water is bled off the gun barrel by an automatic siphon (Fig. 2), 



In treating emulsions with steam, it is customary to heat the incom- 
ing cold emulsion with the outgoing heat-treated oil. Devices for this 
procedure are known as heat exchangers, and assume various forms. 
The amount of hot oil necessary to heat the cold emulsion is calculated 
according to the formula: HST=C!it, where il= weight of the hot oil; 
S= specific heat of the emulsion; 7= difference in temperature between 
the hot oil and the emulsion at the beginning of the dehydration process; 
c = weight of the emulsion; s = specific heat of the hot oil, and t = differ- 
ence in temperature between the hot oil and the emulsion at the end of 
the dehydration process. Therefore, the weight of the hot oil required 
to heat the weight of the (cold) emulsion through temperature in degrees 
F is: cst/ST?^ The heat lost by radiation is a negligible factor in this 
calculation, for it is assumed that the amount of heat lost by the hot 
oil is equal to the amount gained by the (cold) emulsion. 

It has been recognized by research specialists that there are definite 
practical requirements that must be met in case of heaters: (1) a demul- 
sifying heater must be assembled and taken apart easily, be light, and 
readily moved; (2) its throughput must be readily increased at will; 
(3) it must be efficient for different methods of removing water; (4) it 
roust consist of a limited number of castings. 




Fio. 3. Typical Assembly of National Oil Treating Heater with Heat Exchanger. 
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Fig. 4. Cast-iron Sectional Heater Installation in Van Pool, 
Van Zandt County, Texas. 


A special cast-iron heater and heat exchanger lowering the cost of 
treating oil emulsions is described and discussed by Hunter®** (Fig. 3). 

The new heater can be used equally well for direct treatment by 
passage of cut oil through it, for indirect treatment as a heater for salt 
water, or as a heater for oil or water as an auxiliary to any other process 
of treatment. Fig. 4 shows a cast-iron sectional heater installation in 


Fio. 6. 

Inner View of 
National Oil-treat- 
ing Heater. 
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Van Pool, Van Zandt County, Texas, and Fig. 5 an inner view of 
National oil-treating heater, the latter showing how the sections fit 
together. The knobs and ribs arc extended surfaces to increase heat 
absorption. The flanged opening at the front and rear, top and bottom 
of each section permit Cleaning of the inside walls. The cut oil enters 
through one of the rear bottom openings and rises in the several sections. 
These sections are made wide and deep to cause low flow velocity and 
more thorough separation. They are smooth on the interior to facilitate 
cleaning. Discharge to the settling tank is from the top. Best results 
are obtained by causing the cut oil to percolate through a volume of hot 
water; the water drain is regulated to maintain a certain level in the 
heater. This unit is said to show a thermal efBciency of about 80 per 
cent, and is intended for use where the cost of gas makes fuel economy 
important. Heat exchangers serve the double purpose of conserving fuel 
and of controlling loss of light fractions by evaporation. The heat 
exchanger in the typical assembly for direct treatment serves to con- 
nect tanks and heater, replacing two separate lines of pipe. An inno- 
vation in this new equipment by the National Radiator Corporation of 
Johnstown, Pa., is its construction in gray cast iron throughout. It is 
claimed to be corrosion-resistant and consequently the heater and 
exchange sections give years of service. The capacities of these heaters 
range from about 10 to 90 barrels of fluid handled per hour. 

The News Edition of Industrial and Engineering Chemistry empha- 
sizes that the new heater is eflicient in demulsifying petroleum on widely 
different methods of removing water, regardless of whether hot oil or hot 
water is used. It operates on waste gas produced by the wells. 



Fra. 6. 


The Texas Pacific Coal & Oil Co.®^^ patented a processing apparatus 
for the thermal demulsification of pipe-line oil or emulsified crudes. As 
shown in Fig. 6, the emulsified crude flows from the well to flow tank (1) 
through pipe (2). The oil then flows by gravity through line (3) fitted 
with gate valve (4). Flow is maintained without pumping. Float valve 
(5) controls the flow by maintaining the necessary static heat. Line (3) 
leads through check valve (7) and union (7a) to heater (6) in which 
the oil is heated to not over 140° F and from which it flows through insu- 
lated pipe (9) to separator tank (10) and then through line (11) to 
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storage tanks (12) and (13). Pipe (9) has a gate valve (15) and check 
valve (14) and is coimected by union (16) to tank (10). From this tank 
the water level is indicated by gage (17) and water is withdrawn at (18). 
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Fio. 7. Diagram of Single Fire-tube Vertical Emulsion Hrator. 


An efficient type of vertical heater is shown in Fig. 7. The shell of 
the heater is made of heavy steel plate with seams v/elded inside and 
outside. The fire tube is constructed of i-inch steel plate and equipped 
with draft and damper controls. An inlet spreader distributes the incom- 
ing fluids evenly; a shield or baffle at the outlet prevents the fluids from 
channeling through the heater. A flanged clean-out manhole gives access 
to the lower part of the heater for cleaning, repairing, or replacing of the 
fire tube or spreader. Each unit, is equipped with a thermostat. The 
operation and maintenance of the vertical heaters is more economical 
than that of boiler heaters and show savings in fuel. The heaters vary 
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in size from 4 by 6^ to 8 by 7i ft. and have capacities from 100-600, 
300-1000 and 500-2000 barrels per day. The capacities vary with the 
heating temperature required, ratio of oil to water, paraffin content, gas 
volume, and gravity of oil. The maximum thermal efficiency ranges from 
60 to 65 per cent. 

Heat Dehydration by Distillation 

Heat dehydration with simultaneous distillation in a shell still is not 
feasible with emulsions of high water content. With emulsions of mod- 
erate water content, the principal difficulty is to combat the tendency to 
foam and to boil over. All new installations are able to effect dehydration 
except those dealing with the separation of very tenacious emulsions. 
Tube-still distillation allows dehydration of oils with a high water 
content. 

Dvorkovicz reports the distillation of oils containing 26 to 30 per 
cent of water by heating in a tube-still and spraying the oil emulsion in 
a finely divided form in a separator through which superheated steam is 
passed. Further, the emulsion rises through water heated to C and 
separates. Allan,^ in distilling oils with high water content at 420^^ F, uses 
a container consisting of an expansion drum for vapors, two spiral tubes 
in the vapor space through which the oil is pumped by heating, and an 
expansion chamber where the entering oil is sprayed downward. Water 
and light fractions evaporate, and the heavy material flows back over 
one of the plates into the container. 

Wikner reports a fractional dehydration-distillation method. 
Hydrocarbon emulsions are heated primarily, though not necessarily, to 
drive off part of the water, and are then passed directly into the still. 
The distillation process involves delivery of the liquid into a closed con- 
tainer at such a rate that it stands at a constant level, slightly above the 
inlet, vaporization of water by heat in a zone between the level of the 
liquid and the outlet, and heating of the bulk of the liquid by the water 
vapors driven off. Tar is heated by the returned vapors resulting from 
distillation. Rutgerswerke claim that separation of tar from water 
is effected by the use of a convenient distillation arrangement in which 
heating takes place from top to bottom, the steam space of the retort 
being heated first and the liquid space secondly. Floating water, emulsi- 
fied water and chemically-combined water are separated successively 
from the tar or oil so treated. 

Graaf heated crude petroleum with fresh water in a container fitted 
with a condenser until drops of water passed over, when heating was 
discontinued. After standing, water and other impurities were run off 
and the petroleum distilled as usual. When the distillation method of 
removing water from petroleum is applied to petroleum-containing con- 
stituents boiling at a temperature lower than 212° F, they are distilled 
off and condensed. Ordinarily, heat of condensation is lost. Neill 
recommends retaining the heat by using multiple-effect evaporators, as 
well as by distillation under diminished pressure, so that the temperature 



PRACTICAL KNOWLEDGE OF EMULSIONS 


247 


for the conversion of water into steam is considerably lowered, Not more 
than 2 per cent of water-containing emulsions can be taken care of in an 
ordinary still in which the coil has a 15 to 30 per cent water capacity j a 
pressure of 20 lbs is maintained on the still to prevent foaming.^^ Reten- 
tion of heat in the evaporating chamber may be accomplished by means 
of conical spreaders in the evaporators. In this case all oil is forced to 
run down the inside surface of the shell heated on the outside by the* 
escaping flue gases. 



Tight emulsions are usually treated at high temperatures over a long 
period of time, which often results in explosive boiling in the still and 
foaming over of the contents. Davidson’s device eliminates foaming of 
tar and similar substances during distillation by contacting foam with a 
hot surface, whereby the foam, which contains a considerable amount of 
water, is broken up immediately and subsides. In this process, there is 
a momentary condensation of a part of the heating fluid, with the result 
that less heat is conveyed to the heating source. Dehydration is retarded 
until foaming subsides. The hot surface is maintained at a temperature 
above that of the foam by circulation of steam or other heat producers 
through suitable channels in the heating surface. 

An apparatus^®* for distilling emulsions which froth when heated 
comprises a container with an inlet pipe near the bottom and an outlet 
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pipe for maintaining a predetermined liquid level within the container. 
Above the liquid level a vapor space is maintained within which are 
numerous froth-disintegrating heating tubes. The heating tubes are con- 
nected directly to one of the froth-disintegrating tubes. The latter have no 
connection within the container, but are connected with a common inlet 
header exterior to the container. The heated liquid is discharged from 
*each of the immersed tubes through a common outlet header. 

L. E. Smith describes a method for recovering oil from any tank 
bottom accumulation regardless of water content, percentage of solid 
matter, age, source or manner of formation, which was developed by 
J. N. Hunter of the Gulf Pipe Line Co. in mid-continent. The equip- 
ment used in the Hunter method is shown in Fig. 8 in which (1) is the 
still; (2) the vapor line from the still to the evaporator; (3) the evapo- 
rator (made of 6-8-inch pipe, about 40 feet long, in which the diluted 
emulsion contacts hot vapors from the still and the water is evaporated) ; 
(4) is a vapor line from the evaporator to the condenser for carrying 
water and light oil vapors; (5) a condenser for condensing the cooled 
vapors; (6) a line from the condenser to the water separator; (7) a 
water separator (water settles to and overflows from the bottom while 
the light oil overflows from the top) ; (8) a water overflow pipe; (9) an 
oil overflow line; (10) a light-oil storage tank providing a supply for 
diluting the raw emulsion; (11) an overflow pipe through which the sur- 
plus light oil passes to permanent storage; ( 12 ) a supply tank holding 
raw emulsion to be dehydrated; (13) a line carrying emulsion from the 
supply tank to the charging pump; (14) a steam pump for charging the 
mixture of emulsion and light oil to the evaporator; (15) a line connect- 
ing the charging pump with the inside pass of the heat exchanger; (16) 
a heat exchanger in which hot dry oil gives up a portion of its heat to 
the charged mixture; (17) a line conveying the hot mixture from the 
heat exchanger to the evaporator; (18) a perforated pipe from which the 
hot mixture of emulsion and light oil is sprayed into the hot vapors in 
the evaporator; (19) a settling tank to collect heavy solids before the 
dry oil passes to the still; (20) a pipe connecting the evaporator with 
the settling tank; (21) a pipe from the settling tank to the still; (22) an 
overflow pipe for continuous and automatic discharge of dry oil from the 
still; (23) a pipe conveying the dry, cool oil from the plant to permanent 
storage; (24) a line carrying light-oil distillate from the light-oil storage 
tank to the charging pump; (25) a regulating valve controlling the 
amount of light-oil distillate being mixed with the crude emulsion. 

The advantage of this method is application of heat inside the con- 
tainer in which water is evaporating. When heat is applied from the 
outside, heavy scale quickly forms and forces frequent shutdowns for 
cleaning still or boiler. The temperature used is above 212® F. In an 
emulsion containing very small droplets, the temperature may have to 
reach 3(K)® F. 

A method of breaking emulsions, adapted to the treatment of heavy 
oils, is the so-called ‘‘topping plant.” The general method is to pass the 
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oil through pipe stills in which it is heated to 350-500° F. From the pipe 
still the oil passes into settling towers in which the heavy portions of the 
oil settle out while the more volatile portions pass over. After passing 
through condensers the water can be separated readily from the light 
oils. A process suitable for dehydration by heat of crude petroleum con- 
taining natural brines composed of chlorides, sulfates and carbonates of 
sodium, magnesium and calcium, as well as sand and other similar 
impurities, has been described by Allinson.® In this process the crude is 
forced at a very rapid rate through heated coils, and is heated to a tem- 
perature at which a considerable amount of water and salt are set free 
from the oil. The heated mixture passes to a separating tank in which 
the speed of the liquids is greatly reduced so that the sediment settles 
out and is removed. The clarified oil is re-passed at a higher speed 
through a second set of heated coils in which it is heated to a temperature 
above the boiling point of water. From this final heating the mixture is 
sprayed directly into a vapor separating tower in which the oil and water 
are finely divided, and a part of the water and volatile constituents of 
the oil are vaporized and condensed. Finally the oil, substantially free 
from water, enters a battery of stills wherein it is subjected to fractional 
distillation. The hot residue from the distillate is used to heat the crude 
oil passing to the vapor separating tower. 

Dehydration by Indirect Heat Treatment 

Heat treatment for the dehydration of emulsions is often carried out 
in an indirect way by using heated surfaces. The water particles tend 
to adhere to the surfaces of the metal and to absorb heat therefrom, 
becoming heated above the boiling point, although surrounded by oil 
which is very much below the boiling point. As a result, the small water 
globules are converted into steam, leaving the dissolved matter in the 
form of a solid adhering to the metal surface. Cameron^® overcomes 
the difficulty by evaporating the water without allowing it to come into 
contact with heated metallic surfaces. The dehydrated oil circulates 
around a closed ring containing a heater and a vaporizing chamber. The 
emulsion is injected into the ring after the dehydrated oil leaves the 
heater, the water vapor being withdrawn from the vaporizing chamber. 
The oil leaves the heater at a temperature exceeding the boiling point of 
water and at the pressure of the vaporizing chamber. Jaworski^®® 
describes an apparatus for dehydrating tar, adapted for circulating tar 
in such a manner that it is projected upward against a transverse sepa- 
rating plate or baffle. The tar is heated by a heating coil. The tempera- 
ture used is 50-60°, which is sufficient to reduce the specific gravity, but 
not sufficient to boil the w'ater. The heater has a conical upper portion 
and a central outlet aperture. Wright^s dehydration equipment is a 
combination of a container with a cast-iron housing, which has a rotating 
plate, against which the emulsion is forced. According to Mandutz and 
Wohlleben,®^® the emulsion to be dehydrated passes over alternately 
arranged heated plates placed in sloping positions in a closed container. 
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Soc. An. des P4tr. Huilles et Derives patented the application of 
heat by using parabolic reflecting surfaces in the focal points of which 
finely divided oil circulates. Marx*®* claimed a dehydration process 
based on slow circulation over a row of partitions. Gehrke removed 
water from oils settled from condensates by heating the chamber (used 
for collecting the separated oil) from the outside by means of a* spiral 
tube. Kubiersky *** passes the oil to be dehydrated in a thin layer over 
strongly heated plates, arranged vertically or almost vertically, and 
claims that the water evaporates completely. 

Hammond *** and Richardson *** report an apparatus for dehydrating 
coal-tar and mineral oil. In the upper part of a still is placed a pre- 
heater containing a series of overlapping bafSe plates arranged stepwise. 
The crude oil is led onto the uppermost plate and flows down the series. 
The light oils and water are vaporized and removed through an outlet 
pipe. From the lowest step the tar or oil to be dehydrated passes into 
the still proper, where it is drawn off through a suitable opening. Vapors 
given off from the still pass between the bafi3e plates of the preheater, 
which serves also as a fractionating column. The heavier portions pro- 
duced by local overheating return into the still. Smith *** separates the 
oil phase from the water in an emulsion by bringing it into contact with 
a solid object heated above 100°. Prutzmann ■*** uses steam coils at the 
bottom of a retort placed directly above oil coils which are provided 
with openings, the oil being sprayed upon the steam coils. According to 
Wilke,®** the crude oil runs from an overheated container onto a circular 
plate heated to the requisite temperature by a lead or oil bath. The oil 
flows into a trough-shaped container, deposits there the remainder of the 
salt, and is run off by an overflow pipe into a suitable receiver. The 
steam and other vapors pass from the top into a condenser. To prevent 
the gases from flowing back to the apparatus, the inlet and overflow pipes 
are provided with suitable traps. The salt deposited must be removed 
at intervals from the plate, as well as from the settling container. 

Glossop, Bradley and Willisdon *** dehydrate tar by allowing it to 
stream as a cascade over surfaces inclined toward each other. The 
vapors formed penetrate the tar. According to Dyer,’*® the oil to be 
dehydrated flows in a thin layer over heated surfaces in a closed container 
and enters without cooling after the removal of the lighter, vaporized 
portions. The oil enters a second closed container, where it is again made 
to flow in a circuit over heated surfaces at a temperature and pressure 
higher or lower than that in the first container. External heating is used 
for one of the containers, and the vapors generated therein are conducted 
through the other container heating the oil. In each container the oil is 
agitated during heating. 

Wagner ®’® breaks petroleum emulsions by leading them over zig-zag 
inclined plates into an arrangement heated with steam. Water droplets 
are tlius separated, and the oil and water are drawn off separately from 
the bottom. Fearis ’** leads emulsions through kettles closed at the top 
and bottom and containing a large number of vertical tubes through 
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which superheated vapor is passed. deCamp dehydrates Southern Cali- 
fornia crude petroleum containing water and a considerable proportion 
of an asphaltic substance and a brown granular substance (the emulsi- 
fying salt) by spreading it over a heated surface in the open air; it 
moves under the action of gravity. The temperature is kept high enough 
so that water evaporates rapidly; the oil is thus purified while passing 
over the surface, without an appreciable loss in the lighter fractions. The 
presence of water permits application of a higher temperature (302® F) 
than that at which oil would actually boil, the heat being taken up rap- 
idly by the water and carried off as steam, which prevents detrimental 
volatilization of the oil. Lindsay heats the crude oil to be dehydrated 
to 150® F in a tube placed in an oven, and then allows it to enter an 
open pan placed in the upper part of the oven; the oil expanding there 
comes into contact with the air. A simultaneous separation of water by 
gravity takes place. The apparatus consists of a furnace and oil-con- 
ducting pipes in the furnace underneath the shallow pan. Traps are 
arranged to extend downward into the fire-box at regular intervals along 
the pan. Air is admitted across the pan. 

A number of patents describe the use of metallic baths in dehydration 
processes. Duckham patented a scraping arrangement above a metal 
bath. Mette proposed a container partially filled with a metal bath 
having a chamber system provided with alternately perforated metal 
sheets, the flow of the oil through the system being regulated. The tem- 
perature used for dehydration in such a chamber system is about 380°. 
Thermal Industrial and Chemical Research Co., Ltd. passes the start- 
ing material through a tube placed in a metallic bath, the temperature of 
the bath being maintained at the critical point of the highest-boiling dis- 
tillate to be obtained, cracking of the liquid being thereby avoided. 
Morgan uses a drum dipped into molten metal. 

Heated gases or air are often applied for heating an oil to be dehy- 
drated. Seymour^s method of precipitating water and other impurities 
present in petroleum oil consists essentially in heating natural gas and 
passing the heated gas through the oil. Kelley^s method involves cir- 
culation of oil in a gradually narrowing stream and heating it with flue 
gases. Swarteslander^s invention relates to the dehydration of mineral 
oils, ascending gases being used to heat the crude oil. The apparatus 
for heating the crude oil consists of a tank, a coil, pipes connecting the 
coil with the tank, an oven enclosing the coil, gas pipes, a gas reservoir 
located entirely above the level of the tank with which pipes are con- 
nected, and a gas feed pipe leading from the reservoir to a burner. 

The average treating plant for water-in-oil emulsions consists of the 
following major units: (1) heater, thermostatically controlled, (2) wash 
tank, and (3) settling tank. The method of connecting these units 
varies from one company to another. Some companies pump the fluid 
produced from the wells through the heater to the wash tank and from 
the tank it flows by gravity through the settling tank to the stock tanks. 
Other companies pump the fluid directly into the wash tank, and a heater 
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is used which keeps the water in the wash tank hot by a thermosyphon 
action. 

In this case the heater is the barrel of an oil-field type of steam 
boiler that has been cut from the fire-box of the boiler, and a steel plate 
with a door welded on where the barrel had joined the original fir-e-box. 
Connections from the bottom of the wash tank are led into the bottom of 
the heater, and the discharge of the heater is connected to the wash tank 
at the water-oil level. 

Upon heating, the water naturally rises, and in so doing is discharged 
into the tank, being replaced in the heater by water from the bottom of 
the wash tapk. Heat may be applied to the emulsified oil by steam coils 
in the bottom of the wash tank.^®- 



Fig. 9. Treating Plant Composed of Boiler, Heater, Wash Tank, 
and Settling Tank, Seminole Area. 


W. Woelflin®"*® considers the losses in gravity and volume when 
handling hot crude oil. Depending on the temperature of the oil and the 
manner in which it is handled after leaving the dehydrator, there is a 
greater or smaller loss. If the oil passes through a heat exchanger or 
cooling tower and then goes into the bottom of ^ vapor-tight tank, there 
is practically no loss of gravity or volume. If the oil enters the tank 
through an ell at the top of an open manhole, maximum loss takes place. 
It is suggested that oil from the dehydrators should always enter the 
stock tanks at the bottom, especially when oils lighter than 20° A.P.I. 
are handled. Heat exchangers or cooling towers minimize gravity losses 
and should be used on oils lighter than 25° A.P.I. in order to cool the oil 
to 140° F or below, depending on its gravity. When oil enters the bottom 
of the tank at a temperature of 140° F or belowj depending on the grav- 
ity of the oil, the gravity loss should not be over 0.5° A.P.I. With vapor- 
tight tanks, in addition to the conditions mentioned above, the gravity 
loss can be reduced to 0.1-0.3° A.P.I. or less. 
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Heat Combined with Mechanical Treatment 

It is a fact that under certain conditions mechanical agitation may 
induce coagulation of an emulsion system by effecting an intermittent 
displacement of newly formed surfaces. This has led to the idea of 
applying agitation simultaneously with heat treatment for breaking emul- 
sions. The Asiatic Petroleum Co.^* patented an apparatus consisting of 
a make-up pump, a circulating pump, a vaporizing chamber and a heater. 
The oil to be dehydrated is delivered by the pump through a pipe into 
the top of a vaporizing chamber in which the oil falls on a spreader cov- 
ering the end of a vapor outlet pipe, the end of which is perforated. A 
constant circulation of oil is effected by the pump. The oil is heated in 
the heater above the boiling point of water. Kelley uses a simple sys- 
tem for the separation of water, e.g,, the oil is passed from the well to a 
heating tank of considerable size. The crude oil is directed into the 
heating apparatus in such a manner that a column of oil of relatively 
small transverse area and of indeterminate length is caused to move when 
heated. The temperature is less than the boiling point of water and is 
most eflScient when maintained at about 190° F. The apparatus com- 
prises a furnace, and a hot-water drum arranged horizontally in the fur- 
nace with an elongated oil passage in the drum. According to Bend- 
ing’s process, the oil in a finely divided state falls in contact with an 
ascending current of heated air which is warmer than the oil; the descent 
of the oil is intercepted by a surface, which causes the oil to splash and 
break up. The oil is continuously collected in the bottom part, drawn 
off from the upper part, and again subjected to separation and exposure 
to heated air until it is dehydrated. Spiegler brings about dehydra- 
tion by passing the oil into a container steadily stirred on a vertical axis. 
On rotatign the oil is thrown against the hot surfaces of the container 
walls. 

Mechanical treatment in itself may also assist in resolving emulsions. 
It is known that some hydrophobic sols, such as copper oxide and goethite, 
show mechanical coagulation.^®® According to Freundlich and Loeb- 
mann ^®® and to Deutsch,^^® mechanical coagulation occurs at the liquid/ 
gas boundary. That vigorous stirring causes separation of phases, 
according to Clavel®® and Karpinsky ,2®2 is explained by the fact that 
drops collect at the liquid/air boundary. Freundlich and Loebmann 
found experimentally that the rate of coagulation increases with the 
square of the rate of stirring. Coagulation takes place at the surface of 
the solution where a certain arrangement of particles may exist. Another 
interpretation was suggested by the electrical conductivity measurements 
of Lesche.^®® The process of coagulation of these systems has been con- 
sidered to consist of a gradual transition of the hydrolysis product from 
a hydrophilic to a hydrophobic colloid, the process being irreversible. 
Mechanical coagulation is carried out, according to Freundlich and Reck- 
linghausen,^®^ in a so-called free stirring container. First constructed by 
these writers, it consists of two parts ground into each other. The lower 
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part is cylindrical with a wide, ground edge. The bottom of the upper 
part is perforated with 10-mm holes in the middle. The upper bottom 
has two narrow holes through which the colloid circulates from the lower 
part into the upper. Streaming occurs when the liquid is taken by the 
stirrer and thrown upon the walls of the container, the liquid slippii^ par- 
tially upward and then streaming down at the surface toward the middle. 
Through the peripheric holes streaming takes place from bottom to top, 
and through the central hole from the top to the bottom. The action of 
the stirrer in the first phase of the process consists in a distribution of 
the heavier liquid in the colloidal solution and then in the adsorption of 
the small primary particles at the newly formed surfaces. 

The principle that an emulsion may be destroyed, as well as formed, 
by agitation, has been used in many patents. According to Sheppard,^®* 
disintegration of an emulsion is formed by slow, continuous shaking, 
emulsification being accelerated by a single shake. On the other hand, 
slow shaking, suddenly much accelerated, may cause re-emulsification. 
Bechold, Dede and Reiners claimed an optimum of 10 minutes’ shaking 
for emulsions with finely divided solid bodies; rapid shaking should be 
avoided. Haulon patented the use of sprayers moving in a horizontal 
direction and actuated from the outside in a vertical direction. Henne- 
berthe and Goutal^® claimed an apparatus consisting of horizontal or 
sloping troughs with a spiral stirring device. According to Higgins,®®® a 
container divided into sections is used. In one section the liquid flows 
upward and passes over a wall, and in the next section it descends. Free- 
land ^®® patented a combination of a heating apparatus with separately 
arranged pipes like concentric castings, connected in a special manner so 
that they stir the oil. 

Palmer*®® describes an apparatus for dehydration of hydrocarbon 
emulsions. It is based on a relatively rapid, short oscillato^ motion 
imparted to a flowing stream of oil containing water in order to effect 
demulsification. Mangelsdorff **® uses a central stirring device for dehy- 
dration. Evans heats oil while it passes stepwise downward. 
Wright’s®*® process of treating impure petroleum to relieve it of water 
and impurities involves spraying and atomizing the impure oil againsi 
a rotatable ba£3e, spraying hot water into contact with the atomized oil, 
agitating the mixture and passing it through a series of vertical chambers 
where the oil and water separate by gravity, the oil being drawn off. 
Roberts reports that it is practically impossible to dehydrate the oil by 
this method and that it is rather an emulsifying scheme. 

In the literature there are patents on dehydration by heat also using 
special separatory equipment. Holford and Harvey *®® use an arrange- 
ment to separate water from oil consisting of a column with a series of 
perpendicular baflles and a rotating distributor, which the liquid enters 
and through which it streams, having so-callcd reaction surfaces. 
McArthur*®* uses two independent surfaces sufficiently close to each 
other to form a capillary opening between them. A water film is formed 
in the capillary opening and the oil mid water mixture is separated. 
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According to Shaw and Beale/®® the liquids are introduced from below 
into a separation apparatus, coming into contact with one or more hori- 
zontal plates forming the upper surface of perforated canals opening into 
a tube or a receiver for light liquids. The heavy part of the liquid drops 
down at the edges of the plates. 

Brady conducts the oil into a vertical cylindrical receiver wherein 
two mechanically operating cut-off valves are placed which function at a 
definite liquid level. Two plates are fixed in the apparatus, one directly 
above the upper opening for light oil and gas; above that is a heating 
system. The improved apparatus takes the place of the conventional 
gun barrel and settling tanks and performs the functions of settling out 
sand, venting gas, breaking up the emulsion and continuously withdraw- 
ing the separated oil and water during the continuous operation. Hop- 
kins uses an apparatus consisting of upper and lower oil chambers pro- 
vided with heat tubes and connected by a series of open tubes. Oil flows 
from the bottom to the top and from there to the outside. 

Hurdelbrink patented a device for constant separation of two 
immiscible liquids of different specific gravities, both combining to form 
a continuous stream. The separation space brought into the liquid stream 
is placed deeper (many times its height) than the inlet of the liquid mix- 
ture. The outlet for the lighter liquid is placed as far above the outlet 
of the heavier liquid as required by the difference in specific gravities. 

Whitens ®®® invention relates to an apparatus for separation of liquids 
of different specific gravities. A separator of this kind comprises a con- 
tainer having an inlet and an outlet. The separator has a part which 
converges in an upward passage. Upward and downward passages lead 
from the separation chamber to the outlet of the container. They con- 
verge in the direction of the flow. 

Pippin ^^® proposed an automatic device for separating water from oil, 
which consists of a cylindrical float chamber with an outlet at its bottom. 
A valve is carried by the bottom of the float and adapted to the seat on 
the outlet. There are a great many radially disposed ribs on the ver- 
tical walls of the float; the ribs serve to guide the float in a true vertical 
direction and to prevent it from rotating in the liquid. The tank for 
separating liquids of different specific gravity has an inlet and an outlet 
communicating with a main tank. The float valve controlling the outlet 
is normally raised by liquid of one specific gravity and permitted to 
descend to close the outlet in a liquid of different specific gravity. The 
communication casing has a valve normally sealing the outer end of the 
outlet to prevent formation of a vacuum and consequent sticking of the 
float valve. A baffle plate located in the tank serves to direct the liquid 
away from the outlet pipe in its bottom. 

Noerdlinger ®®® uses a separation box with partitions inserted in the 
direction of the current and extending toward the bottom. The partitions 
do not reach the bottom entirely, for toward the end of the box the dis- 
tance from the bottom gradually increases. 

The separation of oil from oil-water mixtures may be based on capil- 
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lary action or surface attraction. McArthur and Maynard^s*^® equip- 
ment consists of a separator above which is placed a precipitating and a 
collecting container for the oil ; this is connected with the separator by a 
descending tube for the oil-water mixture and an ascending tube for the 
separated oil; the latter simultaneously serves to introduce the mixture. 
The lower part of the separation container is provided with plates placed 
in layers one above another so as to form narrow openings which, on 
account of their form and size, are suitable for the passage of water but 
which, on the contrary, retain the oil because of capillary or analogous 
action. The water from tanks containing oil/water mixture may be 
removed by using this arrangement. From time to time the equipment is 
cleaned by using water or vapor under pressure to blow through the 
narrow slits between the plates. 

Lozai dehydrates crude oils, using countercurrent flow. This appa- 
ratus is made up of vertical pipes with a heating chamber for heat 
exchange. Passavant Werke®*^^ patented a float-controlled valve regu- 
lating the influx of the oil. The body and float of the valve are con- 
nected at the end of a double-arm lever. The float is in the separation 
chamber and the valve is in a valve chamber placed between the sepa- 
rating and the sludge chamber. 

Peterson introduces the oil-water mixture uniformly and continu- 
ously into a relatively heavy or light liquid; the distance of the course 
is calculated to be sufficient for separation to occur on account of the 
difference in density. Pink dehydrates by using a separator consisting 
of a rectangular container with swinging partitions operated by means of 
a floating arrangement, a piston causing the oil valve to close and open. 
The length of the container is such that distance and time are sufficient 
to permit settling of the heavy liquid. Ruppert^s separator has heating 
containers placed at various low levels, and an elevated separation tank. 
Regulation of the liquid level is carried out by an adjustable arrange- 
ment or screw plates. Sander conducts the emulsion through one or 
more containers, each provided with a syphon. One end of the syphon 
dips into the liquid, while the other controls the exit of the liquid. 

Seiler patented an oil separator. Sepulchre permits the mass to 
be dehydrated to rise, while the speed of the heavier liquid is lessened by 
widening the diameter of the channels which lead the liquid to a dis- 
charge line. A tar emulsion separator is described in the Metcalf-Shaw 
process.®^® It is based on the existence of a capillary attraction between 
liquids and bundles of tubes or rods placed in contact with one another, 
the surface tension forces characteristic of emulsions being exceeded. 
Pirbricht Co., Ltd.^^^ claimed that an arrangement comprising long hori- 
zontal chambers permits the rising light liquid to enter a general collect- 
ing container, this being a settling basin such as those used in gas plants 
for separating water from gas-tar. 

Pravicha and Douillet^^® patented an improvement of the interior 
part of the discharge pipe of a separator. They hung a weight in the 
discharge pipe to increase the weight of the discharge funnel. Sorge 
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recommended an apparatus to separate water from emulsions. Sper- 
ling^®® created a space suitable for separating emulsions through the 
distance of two closely spaced plates, of which one is stationary while the 
second is kept in motion. Stephens constructed two long horizontal 
separation chambers between which a collecting container with collecting 
channels is located. 

Teegen ®®® described a collecting container with one or more closed 
containers having an overflow at fixed heights corresponding to the specific 
gravity of the lighter liquid to be separated and an adjustable overflow. 

Schroeder’s invention relates to a piece of equipment for evapo- 
rating and cooling emulsions the working surface of which is formed by 
the internal surface of a wooden cylindrical drum open in front, and 
possessing a flange turned inside out to provide a space for taking up the 
charge. On the side opposite the open end of the drum are placed a 
centrally located pivot for carrying discharge equipment and a cog- 
wheel, which is geared to the axis of the discharge equipment and actu- 
ates it. Introduction or removal of the cooling water or heat agent into 
or from the ring space formed by both cylinders takes place through a 
straight tube inside of another tube. The ring chamber is provided with 
openings to give an outlet for cooling water or the heat agent. 

Schmidt’s separator is distinguished by narrow chambers provided 
with partitions arranged in a zig-zag manner so that corresponding chan- 
nels are formed. The partitions are adjusted to the lower side of a cap 
forming the cover of a pyramid-shaped body and provided with a funnel. 
Dempster ^®® makes use of an overflow cup for dehydrating tar. The cup 
is attached to a pipe which is moving up and down. Daughdrill pat- 
ented as a separator a combination of a container with steam nozzles. 
Dodge’s container has a float. Debaecker claims a container with 
a vertical pipe inserted into the liquid; it is open at the rim and ends 
at the bottom in an open funnel. The mouth of the funnel is below the 
level of the heavy liquid ascending in the container. 

Fahl claims a separation container open at the top and built into a 
collecting container at or near the bottom. The collecting container is pro- 
vided with a syphon discharge pipe so that only wiien a certain pressure is 
reached does the heavy liquid from the filled separating container pass 
over into the collecting container and the lighter liquid pass over first to 
the upper rim of the separating container and then into the collecting con- 
tainer. Esterer patented an arrangement for the discharge of the 
impurities collected during the dehydration treatment. Stair-like, rectan- 
gularly bent plates, directed downward, are located in a descending hous- 
ing, so that there is a long opening between every two plates. Two or 
more housings may be operated in series; two or more stairs formed by 
plates are built with a corresponding number of openings. 

T. Moscicki®®® effects dehydration of a natural petroleum emulsion 
by introducing it tangentially in a continuous stream at high velocity 
into a heating chamber below the surface of a body of an emulsion main- 
tained in the chamber. The emulsion is slowly drawn from a point 
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slightly below the surface of this body of emulsion and then passed to a 
separator, where water and oil are separated. Tank and baffle apparatus 
for breaking petroleum emulsions by passing them upward through water 
is described in structural and operative detail by Bays.^®* 

White uses inclined baffle plates by which the flow of the liquid is 
reduced. Concentric separation chambers are enclosed in a larger con- 
tainer. The innermost oil separation chamber is made narrow toward the 
oil outlet by the use of a cylindrical partition and an attached container 
with a cylindrical bottom. Meston’s ®®® improvements of a separator are 
directed to a container having an emulsion-receiving compartment at one 
end and a means of discharging water at the other end; there is also a 
series of intermediate baffles disposed transversely across the tank and 
extending vertically only part way. Filming of the oil occurs upon these 
plates, allowing the heavier liquid to flow continuously. The liquid 
rising over the baffles falls by gravity into the succeeding compartments. 

Green and Unthank separate oil from water by allowing water 
containing the oil to flow imder pressure very slowly through a tank 
filled with pure water, the upper part of which is divided into many 
small streams passing through a perforated arrangement enabling the oil 
to rise upward, while the water is drawn off through an outlet tube under- 
heath. American Air Filter Co.® separates emulsions by using an arrange- 
ment containing a number of distorted shovels of equal length, spaced 
regularly, between which the emulsion flows. An apparatus for dehydrat- 
ing petroleum oil emulsions by heating was proposed by Turner.*®® A 
heated tank for separating oil and water from oil-field emulsions was 
patented by McMurray.®** A high-capacity emulsion treater has been 
installed in a refinery at Waterloo, Arkansas.*'*® Smith *** describes this 
low-cost method of treating crude having a water content of 15 to 45 
per cent. First chemicals are added to the crude; it is then heated with 
gas fuel to 210-220° F; 60 per cent of water is separated in this phase of 
the process, the remainder being flashed off by heating to 240° F in a 
second heater unit. The first section of the heater is kept full of water so 
that the entering emulsion percolates through it. The operating cost 
averages two and three-tenths cents per barrel of treated oil compared 
with eight to twelve cents for other types of treaters. In his emulsion 
breaker, Raynk passes the emulsion through the space between tubes 
15 meters long and 5 and 3 inches in diameter, arranged concentrically. 
Steam is passed countercurrent to the emulsion, which flows to a settling 
tank where the water separates out. 

Oil and water may be resolved and separated in some instances with- 
out the use of heat. Mechanical dehydration deals with (a) the excelsior 
and (b) water-knockout systems. Elective wetting was recommended 
for breaking emulsions. Water may be separated from oil by running an 
emulsion over excelsior, laths, etc., which have been previously wetted 
with oil or water, whichever is the internal phase of the emulsion con- 
cerned. Similar to this action is the spraying of water down through a 
tower of oil to remove a water phase, or spraying oil ud through a water 
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’ layer to remove an internal oil phase. The spray in each case must be 
relatively coarse in order not to form more fine droplets (Fig. 10) . 

The excelsior system is based on the principle of preferential wetting; 
when petroleum emulsion is passed through it, oil and water separate. 
This system is generally used as an aid to either electrical, chemical, or 
water-knockout systems.^ The excelsior tanks, more commonly called 
^^hay tanks, are used also to separate from oil fine particles of water 
which otherwise would not settle without increasing the amount of chem- 
ical or the application of heat. The water-knockout system used in 
Mexico, West Texas, California, and Arkansas is a system of pipes 
mechanically designed to provide a suitable receiving reservoir for oil 
and water that, has Hot undergone a high degree of emulsification. A 
small excelsior tank between the well-head and the knockout system 
adds to the eflSiciency of separation. The device used is the water-knock- 
out trap. The cut cru3e coming from the well under well pressure flows 
through the water trap, where it encounters a back-pressure imposed by 



the choke. The combination of two opposed pressures and reduced veloc- 
ity causes the emulsion to break up into its components; and because of 
its lighter gravity the oil passes through the bean, while the water falls 
back to a lower level, concentrating in the water leg. The accumulated 
water is drawn, off, by a valve or an automatic device. Water traps or 
‘Vater-knockouts” were used widely until recently, as stated by Curran.®® 
They are not a method of treating, but rather preventive in function, 
separating the water before it reaches the choke, and allowing clean oil 
to pass without cutting. 

Several successful methods are used for the separation of large quan- 
tities of water produced with oil in some West Texas fields.®®® Among 
these are the wstter-trap, hay-tank and gun barrel, gun barrel and settling 
tank. In the Hendricks oil field the most economical proved to be the 
water-trap. This trap is installed at wells having considerable well-head 
pressure and producing large volumes of free water, and where the per- 
centage of cut oil is low. The water and oil are separated under pressure 
before passing the flow bean and the percentage of emulsion at the flow 
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bean is reduced to a minimum. This trap is shown in Fig. 11.* The oil, 
gas and water flow to the trap directly from the well. The fluid enters 
the trap at the bottom. The fluid velocity is reduced about 9 times when 
expanded from a 4-inch flow line into the 12-inch trap. As a result of 
the reduction in velocity, the water settles at the bottom of the trqp. Oil 
and gas collect at the top of the trap and are withdrawn through an 
adjustable flow bean, B, to the oil and gas separator. The trap is 
equipped with valve, C, controlling the liquid level, with a gas valve, D, 
and file water-discharge valve, F. When the amount of water in the 
trap exceeds the adjusted level, the float valve rises, the connecting 
levers, E, open the actuating gas valve, D, and the gas pressure on the 
diaphragm of the water-discharge valve, F, is exhausted to a point where 
the water-discharge valve opens and allows the water to escape (Fig. 12) . 



In Arkansas, Texas, and California emulsification at the beans of 
certain flowing wells has been reduced by passing the discharge from the 
well through a “squeeze trap” in which the free water, oil and gas are 
separated before they reach the flow bean. Separation in this water trap 
is accomplished by the reduced fluid velocity and the difference in spe- 
cific gravity of the oil, gas, and water. Heithecker ***• described dif- 
ferent types of traps used in the West Texas fields (Fig. 13). In the 
trap after Heithecker oil, gas, and water flow directly from the well 
through a 4-inch line to the trap. The line extends about 5 feet into the 
trap and is slotted on the bottom so that the fluid enters the trap from 
the bottom of the flow line. The end of the pipe is plugged. Expansion 

*W. A. Roes, Petr. En^., p. 63, March, 1990. 
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of the fluid frojn a 4-inch pipe into a 12i-inch trap reduces its velocity 
greatly, permitting the water to settle to the bottom of the trap. The 
oil and gas collect at the top of the trap and are discharged through an 
adjustable flow bean in the outlet line. The float-operated liquid-level, 
Cy is adjusted so that the water level in the trap is held midway between 
the upward and downward movement of the float. The float is operated 
by water. As the float moves upward or downward, the water-discharge 
valve is opened or closed mechanically by connecting levers. The trap dis- 
charges a continuous stream of water. The advantages of the water-trap 
are that it separates the oil and water before the oil and gas pass through 
the flow bean; this eliminates the agitation and emulsification of the oil 
and water by gas that would otherwise take place. The water and oil 
are separated under trap pressure, and the oil runs directly from the trap 
to the stock tanks, reducing to a minimum any agitation that might 
result in running the oil first through one or more tanks. 

March ant and Wells carry out simultaneous separation of water 
and gas from crude oils by conducting them under pressure through a 
zig-zag passage before they reach a receiver in which the water separates 
out. Upon release of pressure the gases dissolved in the crude oil sepa- 
rate from it. According to Smith Separator Corporation,^®® a mixture of 
oil, gas and emulsion coming from an oil source in a turbulent stream 
reaches the middle section of a separation container, provided in the lower 
third with a heat exchanger. The gases pass to the top and are freed 
from oil by means of bafflle plates; the emulsions are broken in the heat 
exchanger, and at the same time the undesirable hydrocarbon gases dis- 
solved in the crude oil are removed. 

Matheny, Langham, Cloud and Huntington,®®® discussing the sepa- 
ration of gas and oil from gas-oil mixtures, consider that stepwise sepa- 
ration of the gas dissolved in the crude oil works more advantageously 
because: (1) maintenance of a high back-pressure prolongs the fluidity 
of an oil by a decrease of the gas-oil ratio; and (2) the specific gravity 
of the oil is reduced because, by a slow discharge, much less light hydro- 
carbons are carried away with the gas; therefore, in a subsequent con- 
densation, less oil is lost in the gas line. Gas may be carried away 
through smaller lines from the well when it is kept under higher pressures. 

For separating gas, sand, and water from the oil at the bottom of the 
well, a separator has been designed by the Miller Combination Boiler 
and Pump Co. of Sapulpa, Oklahoma.®^® This Chancellor separator is a 
positive gas anchor used below the working barrel at the bottom of the 
hole; it prevents cutting of the oil by keeping the gas out of the tubing 
and by pumping the water separately from the oil with perpetual siphon 
tubes. First a head of water, then a head of oil is pumped through the 
tubing, keeping worn barrel or cut cups from emulsifying oil and water. 
The separator has two sand traps, which catch the sand, and keep it out 
of the working barrel. The separator is 6-18 feet in length, with an out- 
side diameter of 4i or 4i inches. The return siphon tubes are of i-inch 
inside diameter, and the center tubes are 1 inch in diameter. 
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Heat and Pressure Applied to Dehydration 

Dehydration is often carried out commercially by a combination of 
two or more different treatments or bringing into play various physical 
factors, such as heat and pressure, or heat and centrifuging, etc. It is 
highly probable that combined processes chosen with correct considera- 
tions act more successfully than single treatments. On the assumption 
that the decrease in viscosity of an oil on heating promotes coalescence 
of water particles, experiments have been tried to determine whether 
additional decrease in the viscosity at higher temperatures, corresponding 
to increased pressures, would still further accelerate the separation. 

Badische Anilin und Soda Fabrik treats emulsions with heat, but 
the crude is heated in closed containers under high pressure and water is 
blown off this container. Two hundred degrees is considered to be a suitable 
temperature. Lembcke used a vapor chamber and a settling chamber 
connected by a U-shaped discharge pipe for dehydration. Varying the 
pressure, a counter-pressure is produced automatically, making the speed 
of the liquid independent of the pressure in the settling container. Mos- 
cicki and Kling proposed a method of treating emulsions with heat and 
under pressure, expecting not only that a decrease of viscosity would 
occur at higher temperatures, corresponding to the increased pressure 
which results in separation of phases of the emulsion, but that the time 
necessary for separation would be shortened also. Heating is carried out 
in an autoclave. This is a kettle supporting a pressure of 2 to 3 atmos- 
pheres maintained for 2 hours, the dehydration being so nearly complete 
that the final product contains only 0.2 to 0.4 per cent of water. 

Edwards’ arrangement for dehydration comprises horizontal pipes 
and settling compartments. Steam is used as a heating medium and, if 
desired, it may be worked under increased pressure. Difficulties in the 
separation of natural heavy emulsions were encountered when small 
amounts of bituminous particles were present in addition to large quanti- 
ties of a very fine clay. Moscicki and Kling- proposed a method of 
separating water or aqueous solutions from petroleum by heating the 
emulsions above 100° under at least one atmosphere of excess pressure. 
Gas or air is compressed in the steam space to prevent boiling, and evapo- 
ration. The process is carried out by cooling the steam space. If the 
gas is forced in before the cooling starts, the separated liquids may be 
drawn off in a warm state. 

Pilat and Piotrowski favored heat treatment under pressure for 
breaking crude petroleum emulsions. By heating in closed kettles (capac- 
ity of 40,000 kg with steam at 120°-130° and under 3 to 3i atmospheres’ 
pressure) a practically quantitative separation was accomplished. At 3 
atmospheres’ pressure only five hours were required. Under higher pres- 
sures separation occurred even faster. Primrose applied two receivers 
for the oil to be dehydrated, and drew the oil from one to heat it under 
pressure. Then he reduced this pressure and separated the liquid from 
the vapor which was formed by the pressure decrease. The operation 
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is repeated as often as necessary to complete the dehydration. The heat 
of the vapor formed is used simultaneously for preheating the crude 
material. 

Wischetrawski pointed out that most American emulsions sepa- 
rated under 6 atmospheres^ pressure, whereas Grozny emulsions required 
not more than 3 atmospheres and one hour of heating. Very often the 
emulsion does not disintegrate by heating under pressure; in this case 
organic or mineral acids are added, decreasing the viscosity and facili- 
tating resolution of the emulsions. Meredith described a dehydration 
apparatus consisting of a chamber containing a device for treating an 
emulsion. The discharge from the dehydrator is controlled. The desired 
level of oil in the dehydrator is retained at all times, and the escape of 
gas or vapors from the treated emulsion in the container is prevented. 
This type of dehydrator, operated without an internal pressure, main- 
tains externally sulBScient pressure to facilitate the circulation of the 
emulsion treated. 

Lorenzen provides certain improvements in the collecting container 
of the heat dehydrator. The line leading to the collecting container has 
an ejector. During the water flow a vacuum is created by the ejector in 
the closed chamber into which the liquid passing from the discharging 
to the collecting container is finally transferred. This vacuum may be 
regulated according to need. The diameter of the overflow line of 
the liquid from the collecting container may be reduced if overflow holes 
smaller in diameter toward the bottom are provided in its lower part or 
at various levels. 

Strother^s equipment for dehydration is a combination of a pipe 
line discharging within a settling tank and an enlarged chamber inter- 
posed within the line. The heating means are associated with the cham- 
ber, which is entirely filled with oil flowing through it. A check valve is 
inserted in the pipe line. The check valve opens under the influence of 
pressure of the oil within the chamber, upon release of pressure of the 
oil in the pipe line, and is closed by the pressure of the oil passing through 
the pipe line. 

Winkler and Koch claimed a process and an apparatus for treat- 
ing emulsions. The process is regulated to produce any temperature and 
to operate under any pressure, depending upon the material to be treated. 
The apparatus consists of a battery of tanks progressively elevated in a 
series. A predetermined liquid level may be maintained in each tank. 
Each tank has a spray head, which discharges below the liquid heated 
therein. A gas supply pipe is connected with the spray head of the first 
tank. A method of dehydration of petroleum tar is described in German 
patent 231,222, Feb. 16, 1911. The substance, heated above the critical 
point, is sprayed under pressure against a turbine wheel through a tube 
widened at the top ; the mass running down in the tube is agitated by a 
stirrer driven by a turbine, so that the dehydrated product flows down 
continuously. 

The Power Specialty Co.^^® patented a process of heating crude oil 
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containing water under pressure and leading the oil in a chamber stand- 
ing under a slight pressure. The water present in the oil evaporates. 

Brown heated a crude oil-water emulsion under a pressure sufficient 
to prevent foaming, and vaporization of the lighter hydrocarbons. These 
conditions are maintained until the emulsion breaks down and the water 
is separated. Jensen's process involves heating the crude-oil emulsion 
to a temperature above the boiling point of water, preferably above 
400° F, and then delivering the heated emulsion to an evaporator. All 
the water and most of the low-boiling fractions are evaporated^ the vapor 
passing to a suitable condenser. After evaporation, the crude oil leaves 
the evaporator at a temperature about 40° F below that at which it 
entered, passing either directly to a still or first to a storage tank and 
then to a still. The water and low-boiling fractions are then removed 
and the oil delivered to the still at a temperature above 212° F. The hot 
oil, when passing into the evaporator, is maintained under pressure. The 
great retardation of distillation caused by foaming in certain oils is pre- 
vented by this process. 

Burek described the separation of stable emulsions by the “Metan" 
method. The apparatus is constructed according to the known principle 
of emulsion separation by diminishing surface tension as a result of 
increased heating. The decrease in surface tension takes place at a tem- 
perature higher than 100°; therefore an excess pressure originating by 
heating of both phases, i.e., crude oil and water, is used. The technical 
equipment in principle consists of a hermetically sealed, evacuated con- 
tainer provided with a manometer and heated either by combustion gases, 
or directly or indirectly by vapor. In order to avoid loss by evaporation, 
caused by boiling of water separated at a temperature above 100° and 
followed by a circulation of water preventing separation, the separation 
process is conducted intermittently. In this procedure, the container is 
filled to a certain height and, depending on the quality of the emulsion 
used, heated to a temperature of 120-140°, whereby the pressure obtained 
from tensions of both phases amounts to 2-6 atmospheres. The emulsion 
is kept at the elevated temperature for 2-4 hours to effect resolution. 

The success of the ^^Metan" method depends upon the tightness of the 
container, especially of those parts contacting the vapor phase. If the 
vapor can stream out, the decrease in pressure will cause boiling of the 
low-water phase and damage circulation of the liquid. This method oper- 
ates with a saving of heat energy. 

Moscicki and Kling®®® proposed a continuous method for separating 
water present, using a device consisting of an air-tight kettle filled with 
the petroleum emulsion. The emulsion is heated to 120-140° and held 
for 2-4 hours at 2-6 atmospheres' pressure, which is usually sufficient for 
breaking the emulsion. The petroleum emulsion is continuously forced 
under pressure through a preheating system and then into a vertical 
receiver, in which the preheated emulsion rises slowly to the top. The 
dehydrated oil is drawn off by means of a pressure valve and the water is 
drawn off at the bottom. During the process the kettle content consists of 
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three phases: water, emulsion, and dehydrated oil, the steam phase being 
absent in this system. In this respect the process is different from the 
intermittent method. Weiss used a water-insoluble solvent at elevated 
temperature and a definite steam pressure. 

There are only a few instances in the literature concerning the use of 
pressure alone for dehydration. 

Herr --'* separated water and sludge from petroleum by using com- 
pressors. Lacan produced dehydration of tar by subjecting the liquid 
to a pressure sufficient to separate the water. Egloff and Benner^s 
invention applies to the breaking of crude petroleum emulsions by 
mechanical means, and functions by causing the oil to pass through a 
scries of small orifices under a predetermined pressure. The oil may be 
treated cold, or heated to any given temperature short of vaporization. 
The dehydration apparatus comprises a cylinder having a valve-con- 
trolled oil inlet, a valve-controlled outlet, and a movable piston adapted 
to reciprocate within the cylinder. There are numerous restricted pas- 
sages ^ throughout the piston. The emulsified oil is forced under pressure. 
There are means of preventing the return of the oil through the passages 
when the piston is reciprocated to effect demulsification. 

Dyer and Heise described equipment for demulsification of Santa 
Maria crude oil, consisting of an apparatus for heating the emulsion and 
forcing it by pressure through a connected system of capillary tubes (a 
capillary separator) to break down the globules, and to set free the water 
contained in the emulsion. Rosenthal makes the liquid mixture flow 
with respect to a float valve in a manner that the liquid which is to be 
retained is pressed aside by the valve. 

The application of sufficient pressure to prevent any gas being formed 
when crude-oil emulsions are dehydrated at high temperatures increases 
the heating capacity and reduces the water content of the dehydrated oil, 
particularly with high-temperature electrical dehydration. 

Maschinerien-Apparaten Fabriken®^^ effects resolution of emulsions 
by throwing them under pressure upon sharp knives or edges, for e> am- 
ple, steel shavings, and then permitting them to settle. In another 
patent resolving of emulsions is performed by heating to temperatures 
above 100® in a narrow closed receiver having a small gas space. Pres- 
sure and temperature are maintained for many hours. The oil layer is 
withdrawn at once after the temperature drops below 100°. 

Parke, discussing various plants for the dehydration of gas-tar 
emulsions, describes pressure and heat dehydration. Brady patented a 
combined high-pressure separator and dehydrator for the treatment of 
petroleum emulsions. 

Mineral oils, especially those for electrical insulation, are dehydrated 
by forcing them under pressure through capillaries, at the end of which 
they are spread out into thin films over horizontal surfaces. Then they 
enter a vacuum, wherein the water contained in the oil evaporates.®® 

There are various types of heat treatment in dehydration processes. 
In choosing among them, it is best to eliminate, if possible, the water 
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from emulsions by heating them with exhaust steam coils. But in the 
case of exhaust steam coils the temperature is not high enough, averag- 
ing about 170® F. If this method is too slow and inefBcient, the next step 
is to apply direct heating of oil in large boilers. 

Boiler heaters are used extensively throughout the oil fields, as this 
is one of the cheapest and mos't efficient ways to heat oil. They do not 
operate under pressure and the temperature is thermostatically controlled. 
The emulsion may be sent through coils in a furnace heated by hot gases 
from the burners, preventing direct contact of coils and flames, and 
recovering the volatile constituents in a condenser. Some emulsified 
crude oils can be dehydrated at atmospheric pressure with heat applied 
to the oil, but sometimes it is too slow and tedious and also impractical 
for certain emulsified crudes. The greatest care must be taken when 
endeavoring to dehydrate emulsified oils by distillation in a still, since 
sometimes the emulsion foams or pukes into the receiver and flows over. 
(Santa Maria emulsified oil, for instance, usually shows such difficulties) . 
In such cases, it is obvious that high pressure or other kinds of treatment 
have to be applied in addition to heat. 

Heat Treatment Combined with Centrifuging and Filtration 

Very often heat treatment is used in combination with filtering, cen- 
trifuging, electric processes, chemical agents, etc. 

Ballard^s dehydration process for crude petroleum oil involves heat- 
ing the oil to effect rapid settling of the emulsion as well as of the water 
in the oil. The water and emulsion are continuously separated from the 
flowing liquid. The liquid drawn out through the bottom is conducted 
through a water separator, where the water is removed; the oil and 
emulsion are then subjected to heat treatment and passed in a thin 
stream through a second emulsion-separating chamber, provided with 
inclined plates for recovering the oil therein. The temperature of the 
dehydrated oil is about 140® F. From the second separating chamber the 
emulsion not yet destroyed is conducted into a second water separator 
heated to 2(X)® F, where the water is removed. The emulsion still left is 
then passed through a centrifugal machine to remove the oil from the 
water. Loss of low-boiling constituents in the oil is avoided by keeping 
the oil in closed containers during the heating and separating treatments, 
and by returning to the dehydrated oil any vapors set free from the oil 
after collecting and condensing them. The water separator comprises a 
closed chamber with a series of compartments. The separating compart- 
ments have openings in the lower partitions to provide a space between 
them for a filtering medium containing chat or gravel; special means 
serve to withdraw water from the separator. 

The Apparatus Construction Akt. Ges (Biihring reports an 
arrangement for dehydration of fats, oil and hydrocarbons. The oil to 
be refined is circulated repeatedly by means of pumps from the receiver 
to a refiner consisting of a filter device and an evaporator. The filter, or 
the filter and the evaporator, are placed inside of the heating liquid. The 
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evaporator is surrounded by a hot liquid (above the boiling point of 
water) . The temperature required is decreased by the use of a vacuum, 
so that the vapors formed in the evaporator are overheated only when 
leaving it, and condense in a special condenser. The level of the liquid 
to be refined is maintained by a special device. Usually, even using a 
special oil evaporator, a large part of the heat is lost by radiation, because 
vapors coming from the oil are recondensed on the outside walls. This 
method also prevents mixing of water with oil. 

Dahlstrum claims a method in which oil directly heated in a pre- 
heater is bubbled through hot water against sharp-toothed cones, and is 
finally passed through electrolytic cells. Copper and zinc strips are used 
as electrodes. The device used comprises a flow passage having a pair 
of perforated plates transversely placed. 

Little and Sherman obtained a patent whose objects were to pro- 
vide a heating apparatus, in combination with chemical treating equip- 
ment, for treating the oil. After it has passed from the heater, it finally 
enters a separator for eliminating any gas or water remaining in the oil 
before it is sent to storage. The heating and separating unit includes a 
boiler-like casing and a fire-box with a casing having a perforated feed 
tube in its bottom between the flues. A waste pipe extends into the 
casing. 

Kelley ^s process is another example of a combined heat dehydra- 
tion method. According to it, the oil is heated to a predetermined degree 
and gradually brought to the desired high temperature by passing it 
through the ultimate heating step through horizontal passages in a con- 
fined column; foaming or ebullition is thus prevented, especially during 
the time that the oil receives its maximum heat treatment. When the oil 
is heated, it is directed from the pipe into an electrical treater and sub- 
jected to the action of an electrostatic field while being agitated, to break 
down the emulsion. Pollak^s dehydration equipment is a combination 
of a heat treater and a centrifugal blower. From a perforated partition 
in a container, oil drips onto a series of horizontal, perforated plates and 
then flows onto coils of steam pipes. The supply of steam is controlled. 
Below the drip plates are other coils of steam pipes. The container has 
a cooling chamber and a conduit provided with means for heating the air. 
A condenser leads from above the cooling chamber to a centrifugal blower 
of regulated speed, and another conduit, containing two condensers with 
receiving chambers, leads from an upper portion of the container to the 
blower. By automatically varying the area of the heating surface of the 
steam pipe into which steam is permitted to enter by the thermostat, and 
by regulating the magnitude of the current of hot air, cither by means of 
the gate or the speed of the blower, the apparatus is adapted for use with 
varying volumes of oil entering the vaporizing chamber. The conden- 
sers are also regulated to adjust the cooling effect to conform to varia- 
tions in the effect of the vaporizing chamber and to variations in the 
magnitude of the current from the blower. The flow of oil is effected by 



270 


EMULSIONS AND FOAMS 


gravity wherever practical, and wherever back-pressure is impossible; 
otherwise pumps are used. 

.Weir discusses the separation of emulsions by a centrifugal method. 
An oil which is emulsified in water in minute amounts may be removed 
from the mixture by adding to it an oil of lower density, stirring the 
whole to agglomerate the oil particles, and centrifuging to remove the 
oil 467 Tjjjg centrifugal method has been used principally in the recovery 
of oil from tank bottoms. The emulsion was heated and then run into a 
supercentrifuge which separated the oil and water and discharged them 
separately. These plants were portable and were used chiefly in clean- 
ing very dirty light gravity oils. As far as is known, none of the cen- 
trifugal plants has been used for years. 

Action of Chemicals and Demulsifying Agents 

To dehydrate an emulsion means to remove water from oil. This may 
be accomplished by producing conditions that influence the stability of 
the system. Practically all emulsions are formed with the assistance of 
an emulsifying agent which is adsorbed in the interface as a protective 
film, decreasing the interfacial tension and imparting stability to tlic sys- 
tem. From this viewpoint there exists the possibility of dehydrating an 
emulsion by elimination of the water phase by attacking the emulsifying 
agent, or by converting it into an ineffective form. The ideal method is 
to destroy the emulsifier, thus increasing the interfacial tension and per- 
mitting coalescence of the disperse phase. To convert the emulsifier into 
an ineffective form, a substance may be added that either (a) dissolves it 
and removes it from the interface, (b) flocculates it to such an extent 
that a coherent film is no longer formed or (c) tends to form the reverse 
type of emulsion. Chemical methods of dehydrating emulsions are appli- 
cable when there is no danger of introducing foreign matter into the mix- 
ture, which in itself is already complicated. The components of an 
emulsion system are always in a certain equilibrium state determined by 
factors such as electrical charge, solubility, density, viscosity and inter- 
facial tension. A disturbance in these physical conditions may result in 
a change in the permanence of the system. Experience with commercial 
dehydration of large amounts of oil indicates that chemical reagents for 
breaking emulsions do not always act chemically in resolving the emul- 
sion, Some emulsions may be effectively broken by means of agents that 
do not enter into any combination with the constituents of the emulsion, 
whereas others require treating agents that are capable of doing so. How- 
ever, large percentages of chemicals are not necessary for this purpose. The 
effectivness of chemicals in breaking emulsions depends, obviously, upon 
choosing them correctly, upon the nature and properties of the emulsify- 
ing agent and, further, upon the manner in which the emulsion is brought 
into contact with the demulsifying agent. Many of these demulsifying 
agents are immiscible with the oil, the emulsion, or the brine of the 
emulsion. Moreover, these oils and emulsions have a high viscosity, so 
that it is difficult to distribute an immiscible treating agent through them. 
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Electrolytes play an important part in connection with the stability 
of colloidal systems, as well as of oil-in-water emulsions. Because of 
electrolytic dissociation into ions, these electrolytes may prove detri- 
mental or helpful, depending on whether the effective electric charge is 
like or unlike the charge of the disperse phase of the emulsion. Unlike 
charged ions result in a discharge of the dispersed particles and act as a 
factor opposing stability. It is a general rule that coagulation of irre- 
versible colloidal systems occurs by the discharge of ultramicrons below 
the critical potential; therefore, the stability of such systems increases 
with increase of the potential difference between the continuous and the 
disperse phase. In regard to the influence of non-electrolytes, cases are 
known where the stability of colloidal solutions, with respect to the 
action of electrolytes, increases in the presence of certain non -electro- 
lytes, whereas in other cases it decreases. The reason for this may be 
seen first in the change of the dielectric constant of the solvent in one 
or the other direction, and secondly in the change in the adsorption 
capacity of the dispersed particles. Non-electrolytes which increase the 
difference between the dielectric constants of the two phases stabilize the 
system; those decreasing it facilitate coagulation by electrolytes; that is 
to say, if the adsorption capacity of the disperse phase with respect to the 
coagulating ions increases in the presence of a given non-electrolyte, the 
stability of the system drops; if it decreases, its stability increases. 

It is a well-known fact that certain colloids are positively or nega- 
tively charged, depending upon the character of the disperse phase. 
Albumin is, for example, positively charged in acid solutions and 
negatively charged in alkaline solutions.^*^’^ The hydrogen ion is one of the 
most strongly adsorbed cations, and the hydroxyl ion one of the most 
strongly adsorbed anions. Strongly adsorbed cations neutralize the nega- 
tive charge on the particles and precipitate the water. The ferric ion is 
adsorbed to such an extent that it will carry the particles over from a. 
negative charge through the isoelectric point to a positive charge, in a 
manner analogous to the reversal of the charge on albumin particles. 

On the other hand, the dehydrating action of certain commercially 
used demulsifying compounds is probably due to the fact that they are 
hydrophilic colloids. Just as there is a selective adsorption of ions, so 
there is a selective adsorption of colloids. As the precipitation of col- 
loidal particles is due to the adsorption of an ion having a charge oppo- 
site to that on the particles, so colloids of opposite character precipitate 
each other. Hydrophilic colloids should actually discharge an emulsion 
formed by the use of a hydrophobic colloid, and a hydrophobic colloid 
should discharge an emulsion formed by the use of a hydrophilic colloid. 
But in the destruction of an emulsion formed by a hydrophobic colloid, 
it is not necessary that the hydrophilic colloid should have an opposite 
charge. Thus, for example, we have negatively charged soap micelles 
in water caused by adsorbed hydroxyl ions precipitating the negatively 
charged water particles of these emulsions. 

Hydrophilic colloids soluble in water are strongly interfacial. Modem 
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emulsion-treating practice makes little use of aqueous solutions of treat- 
ing chemicals and, where it does, the chemicals are dispersible in both 
water and oil. The great difficulty of breaking water-in-oil emulsions by 
adding chemicals in aqueous solutions lies in conveying the latter through 
the enveloping oil to the dispersed water, which they must reach to be 
effective. It is possible to convey the positive ions through the envelop- 
ing oil when a substance soluble in both water and oil is used. Experi- 
ments showed that a small percentage of acetic acid (acids ionizing read- 
ily are very effective) , in the presence of such a substance is more effective 
in breaking emulsions. The substance soluble in both oil and water con- 
veys the acid through the enveloping oil to the dispersed water and when 
that comes in contact with water the hydrogen ion of the acid neutralizes 
the negative charges thereon and establishes conditions favorable for 
coalescence. Any substance capable to dissolve in oil and water should be 
expected to act in this manner. Phenol is the most satisfactory; kerosene 
and acid sludge contain such substances but have to be used in large 
quantities to be effective. When a small amount of phenol is added to 
kerosene-acid sludge, the mixture is more effective for breaking emulsions 
than the phenol and acid. The amount of acid necessary is very small. 
According to Dodd,^^® a substance soluble in both phases of the emulsion 
may serve in the resolution of crude petroleum emulsions. The effect of 
oil-soluble substances can not be predicted by their solubility in water 
alone ; other properties are also of importance. In the case of petroleum 
emulsions, the emulsifier (in many cases asphalt) and the presence of a 
strongly adsorbed positive ion have to be considered. 

The effect of two-phase solubility has been proved sound only for 
some cases, because highly effective treating agents are found among 
those that are completely insoluble and non -dispersible in water. Elec- 
trolytes with strongly adsorbed positive ions can be substituted for the 
acids provided they are soluble in the two-phase soluble substance and 
can be led through the oil to the dispersed water. Ordinarily, this is 
rather difficult when electrolytes alone are used and even then only when 
they are present in excessive amounts. It is known that the coherence 
of the film of the emulsifier depends upon the nature of the oil ; an excess 
of light fractions seems to promote the formation of the protective film. 
The dispersed water globules of the majority of petroleum emulsions 
carry negative charges decreasing the surface tension in the interface 
(however, many Olkahoma emulsions are positively charged). It was 
believed that when these charges are neutralized, surface tension increases 
to such an extent that the films are not able to prevent coalescence, and 
the emulsion breaks.* Past experiments have shown that many emul- 
sions are chemically resolved without appreciable alteration of the inter- 
facial tension. Auerbach proved mathematically that the effect of 
electrostatic expansion tension of the charge in decreasing interfacial 
tension is negligible. The resolution of those emulsions becomes obvious 


* Chem, Mel. Fjug., Fob. 7, 1923. 
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even by a change in their appearance. Some petroleum emulsions are 
chocolate brown in color. When the water globules coalesce to macro- 
scopic sizes, the color changes to black. This change in color seems to 
be quite an accurate indication of a change in the degree of dispersion 
of the water. The stability of petroleum emulsions is attributed to the 
presence of various high molecular weight hydrocarbons, such as petro- 
leum resins, asphalts and asphaltenes. On the other hand, salts included 
in the water act upon the free organic acids of petroleum to form alka- 
line-earth soaps, principally calcium soaps.^®"^ Dehydration is possible 
if the action of the colloids already present is neutralized. The most 
important factor in securing agglomeration is to destroy the effect of the 
protective colloid. The reaction may not destroy the colloid itself, but 
it may be sufficient to throw it out of the aqueous solution, either by pre- 
cipitation or extraction ,22 latter being carried out by rendering the 

colloidal substance soluble in the oil phase of the oil-in-water emulsion. 
On the other hand, the agglomeration effect may be based on the ten- 
dency of weak acids to decompose the alkaline protective colloids without 
splitting the soap, although not every impurity in the oil phase of a soap- 
water emulsion acts as a protective colloid. Boric acid is an example. 

The acid impurities dissolve in the oil, thus reducing greatly the per- 
manence of the oil-in-water emulsion system. Any treatment based on 
the elimination of the protective colloid is likely to be limited in its effi- 
ciency to a fixed concentration of the pure oil with a pure soap solution. 
A condition that reduces the degree of dissociation of soap in the solution 
still further increases the yield of the oil. Commercial soap-water emul- 
sions commonly tend to gelatinize. Pure soap solutions gel when the 
soap concentration is high enough, but tlie gel is in a rather unstable 
state — either a small addition of water or a slight increase in temperature 
destroys it. Gels formed by many commercial soap-water emulsions are 
of a more persistent stability. The emulsion retains its gelatinous char- 
acter even after considerable dilution with water or on using higher tem- 
peratures. Some emulsions in a gelatinous state contain from 56 to 60 
per cent of water. It may be inferred that they resulted from a partial 
precipitation due to an insufficient positive ion adsorption. If this is the 
case then, according to Sherrick, hydrogen ions should cause the discharge 
of these gels. Therefore, he treated stiff gels with varying concentrations 
of hydrogen ions, but in no case were the gels once formed destroyed. 
This led Sherrick to assume that particles composing the gel were no 
longer charged negatively and that the stability of these gels was influ- 
enced by the proportion of protective colloids present. In the case of 
non-fatty acids in aqueous alkaline solutions, persistent semi-gels are 
formed ; they are not as rigid as pure soap gels, but they are more stable. 
The impure industrial emulsions, when gelatinized, are probably of the 
same persistency and semi-gelatinous consistency. The viscosity of the 
semi-gels is gradually reduced with rising temperature. Even boiling 
does not always destroy the gelatinous characteristics. The agglomera- 
tion state of a semi-gel may be destroyed so that it liquifies only by 
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dilution with water, or by chemical action. When sufficient water is 
present, the viscosity of the emulsion is not greatly influenced by a 
change in temperature. 

Chemical treatment of gelatinous emulsions shows that conversion 
into a liquid state takes place almost without any physical change (heat- 
ing, cooling, agitation, dilution) . The addition of a trace of mineral acid 
to a gelatinous emulsion often causes liquefaction. A little agitation may 
restore the gel. Another trace of acid may again liquefy it, and another 
agitation may cause a reversion. This cycle of reversibility is repeated 
until the soap is completely .decomposed. 

Chemical treatment of oil emulsions often involves the use of water- 
softening agents. Different oil emulsions require treatment with varying 
chemical mixtures. Emulsions are sometimes called “tight” or “loose.” 
These terms refer to the stability of the emulsion when subjected to 
various tests. Emulsions may be “tight” because of their extremely small 
particle size. But on the other hand many gas-tar emulsions, for exam- 
ple, contain macroscopic water particles and yet are extremely “tight.” 
The tight emulsions are hard to coalesce or to break, and do not separate 
into oil and water even over a long period of time. Loose emulsions are 
often broken merely by heating the oil, and settle out on standing. 
Experimenting with an emulsion from a Texas field, Sherrick found 
that the water globules carry a negative charge, and that the water can 
be precipitated by neutralizing this charge. The efficiency of acids in 
neutralizing the charge was found to be directly proportional to their 
hydrogen ion concentration. Efficiency of acids followed the order hydro- 
chloric, sulfuric and acetic. Other electrolytes with strongly adsorbed 
positive ions also neutralized the charge and precipitated the water. 
Furthermore, Sherrick stated that the extent to which the negative ion is 
adsorbed with the positive ion is of considerable importance. Dodd 
claimed that the order of efficiency of acids is the reverse of that found 
by Sherrick, and pointed out that in all cases of chemical treatment con- 
siderable heat and time are necessary factors. 

Kuczynski^®^ stated that, if a crude-oil emulsion does not separate 
when heated under very high pressure according to Moscicki^s method, it 
must be blended with one or several emulsions having large-sized par- 
ticles; under ordinary conditions perfect and quick separation is thus 
provided. Mixing of two or more suspensions differing in particle size 
makes it possible for the suspensions to settle out more readily. He also 
recommended the addition of phenols, cresols, xylenols, and poly-phenols. 
As mentioned above, these additions increase mutual solubility, which is 
one of the principal factors in the chemical treatment of emulsions. Ben- 
zine and petroleum produce less stable emulsions, says Kuczynski, than 
lubricating oils, the solubility of which in water is very slight, usually 
decreasing with decrease in specific gravity. By the addition of benzine, 
benzene, alcohol, ether, and a simultaneous increase in temperature, solu- 
bility is increased, and this assists in breaking down the emulsion. 

Emulsions from the Panhandle (Texas) contain a very concentrated 
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brine, while the oil contains notable quantities of hydrogen sulfide. Since 
crude oil is less soluble in a salt solution, emulsions containing natural 
salts are sweetened.®®^ Gurwitsch ^<>7 explained this process by a decrease 
in the surface tension produced by the action of the recommended addi- 
tions, which take the place of the emulsifier when the latter is removed 
from the - oil/water boundary. Added benzine, benzene and alcohol, 
according to W. Ostwald,®®® may be shaken out with a third substance; 
the solubility of the oil in this third substance, and not in the water, 
plays the significant part. It is known that a definite mixture of benzine, 
alcohol, and ether has the property of precipitating asphalt from petro- 
leum at certain concentrations. Lottermoser and Calanter considered 
a similar phenomenon for the destruction of emulsions. 

Ayres pointed out that sour oils are usually neutralized with caustic 
soda, the reaction products being soap and sodium sulfate, and also some 
free alkali. A water-in-oil emulsion is formedj this type being due to 
adsorption of the basic radicals of the inorganic salts and the alkali 
present. That the resulting soap in such emulsions is distributed in the 
continuous oil phase is indicated by the fact that the mere contact of 
additional water in these emulsions causes their breakdown. The addi- 
tion of water extracts soap from the oil. It is standard practice to per- 
colate water through alkaline emulsions or to agitate the emulsions with 
certain amounts of fresh water. Acid-treated oils from which all traces 
of excess sulfuric acid have been removed by washing with water and 
filtering through adsorbents, such as fuller^s earth, can be agitated with 
caustic soda solutions to remove the dissolved organic acids without the 
formation of stable emulsions, because no sodium sulfate is present to 
precipitate the soap. The absence of sodium sulfate seems to account for 
the lack of emulsification. On the other hand, as petroleum soaps are 
very soluble in water, they function as hydrophilic emulsifiers only in the 
presence of a sufficient percentage of an electrolyte. Hydrophilic colloids ‘ 
cannot aid in the separation of alkaline emulsions. For the resolution of 
alkaline emulsions the presence of suflScient water to extract the soap 
from the continuous oil phase is necessary. About 20 to 60 per cent of 
water is usually added to the alkaline emulsion and the liquids agitated 
for better contact. The hot mixture is then centrifuged, using compara- 
tively high throughputs. Graaff heats the crude with fresh water in a 
container which is connected with a cooler, until drops of water are 
formed in it. The oil is then permitted to settle, and after the water has 
been drawn off it is distilled. 

In some treating plants, the demulsifying chemical is introduced into 
the oil through the same type of feeder as is used on flow lines. The 
treating plant functions by putting the emulsion through a series of 
baffles under pressure. The baffles in the line are merely 3-inch gate 
valves, whose gates are perforated by seven or eight |-inch holes. By 
using gate valves the unnecessary baffles can be cut out by opening the 
gate. A screening tank removes the dirt accumulated in the emulsion. 
The oil in the screening tank is reheated by means of a water heater 
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made from pieces of discarded outside tank casing. Passing the oil 
through baffles under pressure permits the treating chemical to function 
more efflciently. (The Oil Reclaiming Company claims a high speed of 
emulsion resolution — more than a hundred barrels an hour.) 

Webb,®®® in an article “Field Methods of Treating Oil in North Texas- 
South Oklahoma,” states that the treating method for “BS” practically 
the year round, and especially in the colder weather, involves the use of 
both chemicals and heat. The chemical is added to each stock tank 
bottom. The bottom plus chemical is then stirred up and allowed to 
settle, after which the tank is filled with fresh crude. The entire tank 
of oil is then circulated through a gas-fired heater until thoroughly warm 
from top to bottom. This gives the chemical a good chance to mix with 
the warm oil and finishes the process of treating. 

S. Dayson (Lion Oil Refining Co., El Dorado, Arkansas) devel- 
oped a method of breaking down emulsions and separating water by the 
joint application of heat and vacuum and simultaneous use of chemicals. 
The vacuum ejector is designed to secure a vacuum from 75 to 150 mm 
(absolute pressure) , depending on the nature of the crude charged. The 
reduction of vapor pressure due to vacuum is such that the pipe still out- 
let temperature is reduced to 220-230° F. At this temperature no trouble 
is experienced from salt deposition in the tubes. The whole system is 
under almost complete automatic control. 

In addition to selecting the proper chemical to be used, it is equally 
important that it be applied at the correct point in the system. This 
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may involve down-hole treating, which has been found successful, or 
introduction of the chemical by various types of pumps or lubricators at 
the proper time and place on the surface.^®® Sometimes the lubricator 
is connected close to the well head in order to obtain maximum agitation 
and also to act upon the emulsion before a too complete stabilization 
takes place. 

Treating chemicals are applied to the emulsified crude in several dif- 
ferent ways. The two common methods are known as *^lead-line” and 
*^down-the-hole” treatments. In the case of lead-line treatment the 
chemical is injected into the lead line somewhere between the well and 
the heater. In down-the-hole treating the chemical is either poured or 
pumped down the annular space between the tubing and the casing with 
either water or fluid from the well put down behind it to wash it thor- 
oughly to bottom. The chemicals may be pumped by means of small 
chemical proportioning pumps varying in size, capacity and operation. 
There are ratchet-driven and belt-driven pumps, as well as electrically- 
driven pumps. The pumping capacities range from 1 pint per 24 hours 



Fig. 15. Ono of Several Types of Chemical Proportioning 
Pumps Used in the Seminole Area. 


to 2 and 3 gallons per 24 hours, depending upon the size of the plunger, 
and the length and number of strokes. Most pumps have reservoirs with 
eapacities ranging from 4 pints to 3 gallons.-'*- 

Pumps suitable for treating petroleum oils with emulsion-breaking 
reagents arc deseribed by Henry and Sullivan (Figs. 15 and 16). 
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Down-hole treatment involves pumping the chemical into the casing- 
head, a small stream of the fluid from the lead line being allowed to go 
into the casinghead with the chemical to wash it to the bottom of the 
hole. The lead line is tapped at some convenient point close to the well 
head above the casinghead so that a sight- feed can be installed; and the 



Fw. 16. 

Chemical F e e d i n r 
P ump Driven by i- 
Horsepower Motor. 


fluid going down the casing with the chemical is adjusted to suit the oper- 
ator's idea of the correct amount. When chemicals are used, the best 
practice is to get them into the oil as soon as possible. It is better at the 
well than at the plant, and at the bottom of the hole it is believed to be 
the best of all.^'^'^ The chemical should be added in a fine stream, prefer- 
ably through a perforated screen, so that chemicals which are heavier 
than the oil will not settle to the bottom before mixing with the oil. 
Usually there is sufficient agitation of the emulsion with the chemical 
to “break" the emulsion by the time the fluids reach the treating system. 
The flow of the production through the well or surface lines agitates the 
emulsion. However, in certain areas [Panhandle (Texas) and Jal (New 
Mexico) ] , the emulsion requires additional agitation. In these areas the 
first tank in the treating system is used in the capacity of an agitating 
tank. The fluid from the well enters the agitating tank through a 
spreader 3 to 5 feet from the bottom of the tank. There is no gas sepa- 
rator or “boot" between the well and the spreader in the agitating tank. 
The oil-water contact level is controlled by an automatic water control 
below the spreader. The gas coming through the lead line with the crude 
oil and water agitates the tank continuously. Additional agitation may 
be effected by means of a gas spray connected to the lease gas supply. 
The spray is placed in the tank at the same level as the spreader. The 
oil leaves this tank approximately 4 feet from the top and gravitates 
either to a settling tank or to the stock tanks.'*^® 

It is the custom to place the lubricator on the wells cutting most, as 
these make the most gas and have the most agitation. Some companies 
use a header system and lubricate the chemical into the oil at the header 
before passing it through a series of baffles to the heating plant. The 
header system has the disadvantage of putting an unnecessary pressure 
upon the lines, which may have a detrimental effect upon the equipment 
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and production. The distribution of chemicals is carried out either by a 
low-pressure down-hole chemical lubricator, or by a typical high-pressure 
down-the-hole lubricator as shown in the attached sketch (Fig. 18). 
Treating down-the-hole not only reduces the chemical cost, but usually 
eliminates the use of heat on the surface.®^*^ 

Bignell*®^ describing the test of a drill in Oklahoma, mentions the 
inverted type of lubricator for the injection of the chemical into the lead 
lines or down-the-holc (Fig. 19). The chemical has a greater carrying 
effect and contacts more of the oil if diluted with water. Care must be 
taken in the selection of the water, because the chemicals used are pri- 



LOW PRESSURE DOWN HOLE CHEMICAL LUBRICATOR 
FOR 

BATCH LOTS 



HIGH PRESSURE CHEMICAL LUBRICATOR FOR USE WITH DOWN THE HOLE METHOD 

Fig. 18. 
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marily water-softeners and much of their strength should not be used 
in softening excessively bard water. The chemical must be applied in 
the form of a fresh soft-water solution. The strength of the latter may 
be from 5-25 per cent. A typical treating plant consists of one or more 
lubricators, either force- or line-pressure feed, placed at the most advan- 
tageous position. The advantages of down-the-hole treatment are: (1) 
no heat is required to get a good treatment; (2) less chemicals required 
than when oil is treated on top of the ground. Instead of constantly 
feeding a small amount of solution, a given amount of chemical solution 
may be injected into the well once or twice each day. It is not necessary 
to inject the chemical solution into all wells — only a part of the wells 



that are pumping into the same settling tank or gun barrel arc usually 
treated. These are the wells with the highest percentage of emulsion or 
basic sediment (determined by centrifuging tests) and the highest pro- 
duction. When wells are under vacuum, the chemical solution is applied 
through a copper tube extending into the well casing a few feet below 
the vacuum line, the vacuum on the well pulling the solution into it. The 
solution is prevented from passing out through the vacuum line by closing 
the valve on the vacuum line while the chemical is applied. In the case 
of wells open to the atmosphere, all that is required is a bucket or a can, 
and the chemical solution is poured into the well through the casinghead. 
The amount of chemical used is based on the amount of net oil the well 
produces.^^ 




PRACTICAL KNOWLEDGE OF EMULSIONS 


281 


Re-emulsification may take place even after a chemical is added, and 
conditions causing it must be either removed or corrected; otherwise the 
emulsions in the wells are not susceptible to down-the-hole treatment. 
If the chemical is added to the cut oil in a flow line (between the casing- 
head and the gas trap), or to a gravity flow line leading from storage 
tanks to the treating plant, then a container known as a chemical lubrica- 
tor is often installed on the line. Fig. 20 shows (a) the air vent which is 
opened; (b) the funnel through which the chemical is poured until the 



gauge glass (c) shows that the lubricator is full; (d) is a valve on the 
by-pass line (e) to be opened for admitting gas pressure above the chem- 
ical; (f) is the discharge valve, regulated to obtain the best mixture in 
the flow line. This type of chemical feeder requires little attention after 
once being regulated. 

Fig. 21 illustrates a combined chemical and heat-treating method at 
a flowing well or at a well operated by air-gas lift. In the sketch shown 
(a) is the chemical lubricator installed on the flow line; (b) the oil and 
gas separator; (c) the oil discharge line; (f) the preheater heated by 
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exhaust steam ; (e) the place where steam enters the treater and circulates 
through the steam coils heating the brine and the oil; (g) the gauge glass 
indicating that the treater is kept full of salt water up to about i or 
• (s) the stop-cocks by which the fluid column may be checked at inter- 
vals; (p) the pressure relief valve serving to protect against failures due 
to excessive pressures; (m) the drain line connected to the center of the 
fitnk bottom for removing at intervals sand, silt, and some “BS,” and 
(k) a line that skims off clean oil which gravitates to storage.*® 

The National Oil-Rator, installed by the Berry- Asphalt Co. of Water- 
loo, Arkansas, and described by Smith,^®=* is an emulsion-treating plant 
using a combination of heat and chemicals. The installation works as 
follows: raw oil is taken from storage (1) by a steam pump (2) which 
is operated by flow control A. The chemical is added at C and the oil 

© 


® .5reu« ® 



Fio. 22. Flow Diagram of National Oil-Rator Treating Plant. 


passes through a heat exchanger (3) at a temperature of 210-220° F in 
the lO-section Oil-Rator unit (4). Thereby 60 per cent or more of the 
water separates out in the gun barrels (5) and (6) and is removed from 
the system. The oil is then moved by a steam pump (7) through two 
parallel connected 7-section Oil-Rators comprising the heater unit (8), 
where it is heated to 240° F. The remaining water flashes off as steam 
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in the water-vapor tank or evaporator (9). The treated oil is pumped 
from this tank by a pump (10) through the heat exchanger (3) and then 
to the storage tank (11) (Fig. 22). 

Roberts states that in the chemical resolution of petroleum emul- 
sions not only are the point of introduction of the chemical, the kind, 
amount and strength of the chemical solution, and the temperature of 
treatment important in determining the efficiency of the treatment, but 
also the degree and duration of agitation of the system. Although agita- 
tion is the dynamic factor in producing an emulsion, it is just as impor- 
tant in destroying it. In the latter case, it must be neither too severe 
nor too prolonged. The purpose of agitation is to accelerate penetration 
of the chemical throughout the oil to the interface. The agitation must 
suffice to cause impacts that lead to coalescence of very small droplets, 
but, if too vigorous, it will cause still smaller droplets to form. The 



Fia. 23. Sight Feed Automatic Chemical Lubricator. 


duration of agitation must be such as to provide time for the chemical to 
reach the interfaces and produce droplets of a size sufficiently large to 
coalesce in the settling tank. 

The typical treating plant operates continuously. The fluid mixture 
is introduced into the tank near the bottom on one side, while separated 
water is drawn from the bottom on the other side and pipe-line oil flows 
from the top into the stock tanks. The fluid is fed continuously into the 
tank, called a “gun barrel.” An upward flow of oil is effected in the tank, 
against which the coalesced water drops must settle in order to separate. 
It is very important that the size of the tank and especially its diameter 
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Fia. 24a. Typical Chemical Treating Plant. 


be suitably chosen with respect to the volume of production, so that the 
vertical velocity is not excessive. There is a limiting velocity above 
which effective settling does not take place. This velocity is determined 
by the size of water drops, gravity differential, and viscosity of the oil. 

Two types of lubricators are used for feeding chemicals into flow and 
lead lines for treatment of cut oil in the oil fields: (1) the positive or 
force-feed type, and (2) the automatic sight-feed type. In the first, the 
chemical is forced into the line by a small plunger pump driven by a 
motor. This type is most efficient, but power to drive the pump is not 
always available. In the automatic type the method of feeding depends 
on gravity displacement. The purpose of a lubricator is to establish 
against the existing line pressure a continual and uniform feed into the 
line, so that a minimum quantity of the chemical effectively treats the cut 
oil. The dimensional sketch of an automatic sight-feed chemical lubri- 
cator used in the Seminole area by the Tidal Oil Company is shown in 
Fig. 23. 

The lubricator is filled with the chemical through the cup, C, with 
valves A and B closed and air valve, D, open. Then air valve, D, is 
closed and valve B opened. The feed is regulated to the desired amount 
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by valve A. The quantity and rate of feed of chemical into the line are 
based on tests made at varying intervals, depending on the type of the 
well and the character of the emulsion. 

Fortine,^®® in his article on “Oil Treating Methods,” illustrates dia- 
grammatically a typical chemical treating plant as shown in Figs. 24a 
and 24b. 

In any treating project, there is a certain combination of heat and 
chemical by which the best results are obtained. In the case where cut 
oil comes from one or two wells, lubricators are placed near the well. 
If several wells are cutting, they are run into a header with a chemical 
lubricator attached through a series of baffles into the receiving tank. 
This method is used when no heat is available and the amount of emul- 
sion is not too great. When a separator is used, the chemicals are intro- 
duced before the oil reaches the separator. On gas-lift wells, the chem- 
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Fio. 25. Typical Heating Plant Installation for Treating Cut Oil Used by the 
Bar^all Oil Co. in the Mid-Continent. 

icals are often lubricated into the gas input lines. The sketch in Fig. 25 
shows a typical heating plant installation. The oil, after leaving the 
second settling tank, is subjected to cooling by cooling coils for reducihg 
the temperature of the oil before it is run to the. stock tank. Heat 
exchangers aid in reducing the amount of steam. 

Demulsifiers 

Van der Minne ®^** has suggested that demulsification is based on the 
fact that a demulsifier of a contrary type is introduced which destroys 
the power of the emulsifier present in the oil. The demulsifier destroys 
or diminishes the protective action of the emulsifier in the interface. 
Different chemicals react in numerous ways. One group tends to take 
up the water and form another substance. Another group reacts with the 
salts in the water. Another group tends to dissolve the material making 
up the protective film. 'And still another group tends to rupture the 
protective film. 

Chemicals act directly on the film around the globule of water, tend- 
ing to rupture, dissolve, coagulate, or soften it to the extent that, by 
gravity and its own weight, the water ruptures the film smrounding it, 
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coalesces, and drops oat. The chemicals proposed for breaking emulsions 
are roughly divided into: 

(1) Agents such as calcium chloride and quicklime. 

(2) Agents which flocculate substances composing the protective films, 
such as sodium chloride, ferric chloride, sodium sulfate (not very effec- 
tive). 

(3) Agents presumably reacting with organic acids or their salts 
present in the external phase of the film, such as caustic soda, lime, and 
sodium bicarbonate. For example, when these react with naphthenic or 
similar acids they form water-soluble soaps reversing the water-in-oil 
emulsion and breaking it. 

(4) Agents that break the protective films by reversing the type of 
emulsion and acting as stabilizers for the oil-in-water type. Such are the 
iron oxides and other finely divided salts, clays, silica, soaps, gums, 
starches, albuminous matter, etc. 

(5) Agents such as electrolytes which presumably neutralize the elec- 
trical charge of the dispersed water droplets, such as sulfuric acid, acetic 

*acid, salt solutions: ferric nitrate and ferric chloride. 

(6) Agents that are solvents for the material making up the protec- 
tive film. Carbon disulfide, carbon tetrachloride, benzene, acetone, alco- 
hol, ether, and gasoline. These substances also decrease the viscosity of 
the external phase and thus reduce the stability of the emulsion. 

(7) Commercial demulsifiers. 

In selecting demulsifiers there is no manual for determining in advance 
which of them is most suitable. The idea that the determining factor is 
whether the oil has a paraffin or an asphaltic base does not hold true in 
many cases. If it were true, paraffin-base oils should preferably be 
treated with sulfonated fatty acid compounds, and asphaltic base oils 
with petroleum sulfonates. The modem demulsifying agents for water- 
in-oil emulsions are substances which are highly adsorbable either as such 
or in the form of alkaline-earth salts. The emulsifying agent must be 
polar in order to adsorb on the oil side of oil/water interfaces. The ordi- 
nary commercial demulsifying agents or their alkaline-earth salts, which 
are adsorbed on the emulsifying agent, are invariably polar. Polar com- 
pounds are characterized by having an electric dipole. i.e., the electric 
center of gravity of the negative charge of the electrons does not coincide 
with that of the positive nucleus. Polar molecules have a finite average 
dipole moment. All inorganic acids, bases and salts belong to the group 
of polar compounds in which atoms are supposed to be held in electro- 
static union. Non-electrolytes or organic compounds, the atoms of which 
are supposed to be held in electromagnetic union by sharing a common 
pair of electrons, constitute the group of non-polar compounds. Polar 
substances are adsorbed more readily than non-polar, and when the 
former are adsorbed they saturate the residual outside valences and are 
more effective per unit of mass. Residual unsaturated valences exist to 
an optimum ei^nt at the interface of two phases and attract the added 
demulsifying agent to this interface. Frequently polarity of chemical 
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compounds is meant in the sense of introducing an ordinary hydrophilic 
group or atom into a hydrophobic body or residue, for example, the intro- 
duction of the sulfonic group (SO 3 H) into a benzene residue. 

Melvin de Groote^®®* (Tretolite Co.), to whom we owe the greatest 
number of demulsifying agents, considers demulsification as an offset of 
secondary valences or nuclei of polarity. For the action of the principal 
groups of demulsifiers ( 1 ) oleyl-hydroxystearic acid or an ammonium 
salt; ( 2 ) oleic acid hydrogen sulfate: mono-, di-ammonium salts; oleo- 
sulfonic acid: ammonium salt; (3) benzene sulfo-stearic acid: ammonium 
salt; (4) petroleum sulfonic acids and their ammonium salts, de Groote 
distinguishes five features of significance: 

( 1 ) They give colloidal dispersion in oil and tend to be adsorbed at 
the oil/water interface. 

(2) They contain hydrophilic and hydrophobic groups oriented at the 
interface between oil and water. 

(3) A radical, which combines with a calcium or magnesium atom, 
forming an insoluble salt, is present. 

(4) Another group, radical or residue, is introduced into a hydro- 
phobic group or radical. 

(5) Two nuclei of polarity are present in oleic acid or sodium oleate. 
In modified fatty acids or their salts or esters there are three nuclei of 
polarity (exemplified by secondary valences). 

Definite requirements were postulated for emulsion-breaking com- 
pounds, namely, ( 1 ) the antagonistic effect (good emulsifier for the 
reverse type of emulsion) ; ( 2 ) solubility in water and preferably more 
or less in the oil. Van Dedem^®® considered three other factors to be 
significant. The compound serving as demulsifier should preferably be 
wetted by water in order to obtain maximum adsorption in the water 
phase at the water/oil interface. The compound added in small percent- 
age should not react chemically with the salts dissolved in water, nor 
should it change materially the pH of the salt water. For soaps which 
are completely insoluble in oil, a small degree of hydrolysis is required 
to make it possible for the fatty acid radical to reach the water globules 
through the oil phase. Finally, compounds should not introduce difiicul- 
ties during subsequent handling and refining of the crude oil. Com- 
pounds causing persistent discoloration of gasoline have a tendency to 
form emulsions during the refining process or give the oil an acid reaction 
which causes corrosion, and their use should be avoided. 

The requirement that the pH of the salt water should not be changed 
by the chemical, according to van Dedem,^^® follows from the fact that 
most soap solutions show optimum demulsification when they are par- 
tially acidified with a strong inorganic acid, before insoluble acid soaps 
or fatty acids start to precipitate. The salt water in^ the emulsion very 
often is buffered by alkaline salts of weak acids, such as carbonic acid or 
weak organic acids. Such a soap must be selected so that the pH of the 
salt water corresponds to, or is slightly lower than, the optimum value 
required for demulsification of the soap. If the pH of the water is much 
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lower than the optimum value, the soap will be hydrolyzed too much; if 
the pH is higher, the alkaline-earth soap precipitates. 

Van Dedem’s experiments showed that partial hydrolysis of Turkey- 
red oil or of castor oil soap is essential for complete separation of the 
emulsion, and that sulfonated products having a greater stability against 
acids and alkaline earths, due to a decreased hydrolysis of the sulfonate 
group, always give a smaller effect. However, it is well known that sul- 
fonated products are much more effective agents than castor-oil soap or 
Turkey-red oil. 

Van Dedem,^®* studying the chemical methods for separating petro- 
leum emulsions, came to the following conclusions: (1) analysis of edge 
water of every separate drilling project in an oil field must give the pro- 
portion of carbonate, bicarbonate, weak organic acids, sulfate, the total 
hardness, and the pH value; (2) titration curves and the pH value for 
optimum demulsification of the dehydration compounds must be consid- 
ered. The optimum demulsification must correspond to the pH of the 
salt water; (3) in the case of alkaline water of high pH, containing like- 
wise little alkaline-earth salts, neutral soaps of oleic acid, solid fatty 
acids, liquid saturated fatty acids, linoleic acid, etc., should be applied 
as demulsifiers; (4) in the case of alkaline water of lower pH buffered 
with bicarbonate, neutral or weakly acid ricinolcate, other oxy- acids or 
resin soaps should be used. Instead of ricinoleate, Turkey-red oil, with 
the sulfonate group esterified and loosely linked, may be used for more 
economical results; and (6) in the case of acid water, soaps of naphthenic 
acids having a low sulfate content, and the more stable fatty acid, aro- 
matic sulfonates, having a higher sulfate content, should be applied, 
provided these are adapted to the pH of the water, and have no antago- 
nistic constituents. 

Factors determining the effectiveness of any treating compound in 
resolving an emulsion Roberts^** calls “characteristic” of the emulsion 
and summarizes them briefly as (1) the kind of emulsion, (2) the kind 
of chemical, (3) how they are put together and (4) what happens 
afterward. 

The necessity for correlation between conditions in the emulsion and 
the type of demulsifier used is strongly emphasized. Two requirements 
are postulated for the chemical used: (1) its concentration must be such 
that it is miscible with the system, nullifying the effectiveness of the 
stabilizing agent; (2) it must be able to act upon the substances at the 
interface as the time treatment is applied (this time factor is a function 
of the age of the emulsion) . 

The efficiency of treatment with a chemical depends on: (1) the point 
of introduction of the chemical, (2) the degree and duration of agitation 
of the system, (3) the kind, amount, and strength of chemical solution, 
(4) temperature of treatment. 

Monson pointed out that the choice of a reagent for the resolution 
of an emulsion depends upon the temperature at which the selection tests 
are conducted. It was observed that an emulsion which required one 
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reagent when the oil was treated at 110® F was not suitable for one 
treated at 80® F. Monson stresses also the importance of greater ratios 
of recovery. The recovery of clean oil or dry oil to one part of reagent 
has enormously increased since the early days; whereas producers then 
were fortunate to recover 1000 parts of oil with one part of reagent, today 
the usual ratios of reagent to recovered oil are from 1:5000 to 1:30,000, 
or 1:40,000. 

According to Shea,^®®® the success of treating “cut’’ oil chemically 
depends upon: (1) an adequate quantity of a suitable chemical; (2) suf- 
ficient agitation to cause thorough mixing of the chemical with the 
emulsion; (3) addition of heat to facilitate resolution; (4) proper han- 
dling and separation of gas before settling; and (5) standing for a long 
period of time to permit settling out of water. 

Shea observed that the introduction of a small quantity of chem- 
ical into the lead line upstream from the surface choke or flow bean pre- 
vents or lessens emulsification in the bean. In some gas-lift wells, equally 
effective results are obtained by injecting chemicals immediately ahead 
of the flow bean instead of down the hole. According to Roberts dif- 
ferent compounds are required depending upon whether treating is done 
in the well, in the flow-line, in lease tanks, or tank bottoms. 

Sometimes compounds are even changed at appropriate intervals 
during the productive life of a well. The changes in the character of the 
emulsion are rather slow and occur over long periods; thus few changes 
in the compound are necessary during the life of a well. 

The point of introduction is important with respect to progress of 
adsorption in the emulsion. The character of agitation determines whether 
diffusion of the chemical through the oil to the interface has been accom- 
plished and whether it has been sufficiently intensive and long to prepare 
the emulsion globules for coalescence. 

In general, it is preferable to add the chemical “straight,” or in solu- 
tion in oil. When the compound is added as an aqueous solution, empiri- 
cal adjustment of the strength and amount of solution is recommended. 
The water content must be reduced to the order of 1 to 2 per cent, and 
the chemicals may be used in varying proportions, usually very small, 
and sometimes as little as 1 part in 10,000 to 50,000, on the basis of 
recovered oil. 

Temperature changes have great effects. Temperature controls almost 
every characteristic of an emulsion system, such as specific gravities of 
both components, viscosity of oil, activity and permanence of substances 
adsorbed in the interface, kinetic energy of the impacts caused by agita- 
tion, and altering the agitation itself. Temperature affects also the prop- 
erties of the compound acting as a demulsifier. 

The temperature to which the oil is heated is one of the most impor- 
tant factors in treating cut oil by the chemical method. The relation 
between percentage loss by volume and change in degrees A.P.I. for dif- 
ferent crude oils (California and Mid-Continent) is presented in graphs 
in Fig. 25a. The data indicate that a volumetric loss of 2 to 3 per cent 
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per degree change in A.P.I. gravity applies to a large class of crude 
oils.'**** 

There is a direct relationship between the treating temperature and the 
quantity of chemical required. Within certain limits the quantities of 
heat and chemical may be varied inversely, i.e., more chemical is required 
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REDUCTION IN GRAVITY, ®AP.I. 


Fio. 25a. Relation Between Percentage Loss by ‘Volume and Change in 
Degrees A.PJ. for Different Crude Oils. 


at low than at high temperatures. As high temperatures are accompanied 
by the loss of the lighter fractions and a corresponding decrease in grav- 
ity and volume, it is often more economical to treat the oil at low tem- 
peratures and use more chemical.**® 

In an effort to determine the change in gravity and loss in volume due 
to heating an emulsion in the Seminole area, Oklahoma, engineers of a 
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large Mid-Continent oil company conducted laboratory tests to establish 
a gravity-volume-temperature relationship for the oil teing treated. The 
tests showed that at temperatures below 120° F, there was no appreciable 
loss in volume or change in A.P.I. ^avity, but that above 120° F there 
were losses in volume and changes in gravity. Ihe loss in volume was 
2.6 per cent per degree A.P.I. change in gravity 

The results obtained in decreasing the treating temperatures in other 
areas likewise indicate that the cost of treating must be considered in 
terms of gravity, volume and chemical cost, instead of chemical cost 
alone. An optimum economic balance between A.P.I. gravity, volume 
losses, chemical and heat used can be obtained by treating the oil at the 
proper temperatures. 

The effectiveness of chemical agents in resolving emulsions is consid- 
ered by Roberts as a function of settling and separation of water; these 
are aided by low oil viscosity and large difference in specific gravity 
between water and oil. The viscosity factor may be controlled by heat, 
the degree of heat required being suflBcient to lower the viscosity to or 
below 75-100 seconds Saybolt. The gravity differential is also a function 
of temperature; thus the temperature applied must be compatible with 
that required for the most favorable viscosity. Finally, Roberts considers 
suitable tank equipment for use in settling and separation of water, as 
well as gravity differential and viscosity, as a factor determining the 
effectiveness of resolving emulsions by chemical methods. 

Acids, Bases and Salts 

According to Bottars,‘‘* acids should be added for the disintegration of 
emulsions. The resolution of oil-in-water emulsions containing solid sub- 
stances, if carried out with sulfuric acid, usually requires large propor- 
tions of acid (up to 5 per cent) . If the emulsions are previously treated 
with solutions of salts of alkaline earths, such as magnesium or calciipn 
chloride, the main amount of water separates and subsequent treatment 
with only about one-per cent sulfuric acid suffices to separate the sludge 
from the water-free oil.“® 

A crude oil containing emulsified water and corrosive metallic salts is 
mixed with an aqueous solution of an alkali, such as sodium hydroxide or 
sodium carbonate, in an amount sufficient to convert the corrosive metal- 
lic salts into non-corrosive compounds; the mixture is heated to facilitate 
this conversion; and most of the water and non-corrosive compound 
formed are separated under pressure from the heated oil.®''^ 

The demulsification of Baku crude oils is best performed by treating 
with sulfuric acid and neutralizing the acid with sodium hydroxide. 
Separation of the crude oil is best effected by passing it through tubular 
heaters. If the proper proportions of the reagents are used, the ash con- 
tent of the oil stays within standard limits.'^^ 

Kala crude oil emulsions are broken by the addition of one per cent 
of 26-per cent regenerated sulfuric acid at 60° C. The contacting period 
in the acid-treating equipment is 7 to 8 seconds. Sea water (20 to 30 
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per cent) is used to wash away the acid subsequently.™-''^ The heavily 
emulsified Kala crude oil in Tzaritzin, used as boiler fuel, has been 
demulsified by admitting 0.5-per cent sulfuric acid and agitating with 
steam and air. The acidified water collects on the bottom of the storage 
tank and is constantly replaced by fresh water.^™ 

Augustin,'® in his article “On the Emulsifying Power of Various 
Soaps,” indicates as demulsifiers salts and electrolytes in general, such 
as potassium hydroxide, sodium hydroxide, potassium chloride, and 
sodium sulfate. 

Fischer '®® breaks oil-in-water emulsions by intimate mixing with an 
aqueous solution of an electrolyte, e.g., sodium carbonate. The emulsion 
is thereby converted into a water-in-oil emulsion, which is separated 
under the action of a high-voltage electric field. 

Robinson treats lubricating oil stock with a large volume of diluted 
aqueous alkali solution, such as a 2-per cent sodium hydroxide solution, 
to form an oil-in-water emulsion; this results in separating the emulsion 
into a water and an oil phase. 

Nugent®®® investigated the demulsifying action of sodium hydroxide 
solution on emulsions of benzene-in-water containing 50 per cent by vol- 
ume of benzene and not less than 0.1 per cent of gelatin as stabilizer. If 
sodium hydroxide is added immediately after the production of the emul- 
sion, demulsification starts at once. If the emulsion is left undisturbed 
for some time prior to the addition of sodium hydroxide solution, demul- 
sification does not occur for a period following the addition. The inhi- 
bition period seems to depend on the interval between the formation of 
the emulsion and the addition of sodium hydroxide. Nugent assumes 
that the stability increases because of the gradual formation of protective 
films around the benzene particles. 

The Standard Oil Company recommends a soda solution treatment by 
neutralizing the acid oil with 18-20 Be sodium carbonate solution, thereby 
decreasing its concentration by one-half. Sludging begins at a higher 
temperature. Nelson, Hallauer and Dons ®®® treat emulsions with cellu- 
lose impregnated with sodium hydroxide by mild heating. Rapid resolu- 
tion of the emulsion results. 

Petroleum emulsions may be resolved by treating them with a solu- 
tion containing 25 per cent of sodium hydroxide, 10 per cent of sodium 
acetate, 20 per cent of alcohol, about 10 per cent of glycerin, and the 
remainder water, all mixed well with sodium acid carbonate at 45-55°. 
In addition to dehydration, a far-reaching precipitation of salts suspended 
in the oil is obtained simultaneously.®*’ 

Benzene containing oil and fats in the form of an emulsion, may be 
clarified by saponifying the oil by means of an alkali solution. The ben- 
zene is injected in an atomized state into the alkali solution (sodium 
carbonate), to which sodium chloride is added to accelerate separation 
of the emulsion.*'® 

Gail and Adams '** add iron chloride and sodium carbonate to destroy 
aqueous emulsions in a condenser. Barry *® mixes the oil with sodium 
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chloride (one per cent by weight) and with O.l-l.O per cent of pulverized 
lime, heats the mixture and allows it to settle; resolution follows. 

Cole worked out a method to break down water-in-oil emulsions by 
using metallic sodium and calcium chloride as demulsifiers. 

Wagner mentions an installation in Topila where calcium chloride 
is used for dehydration. 

A combination chemical and heat treatment has been worked out by 
Born, Bonnette and Walker.®® The process involves removing water 
from oil by gravity, treating the emulsion with a saline solution of about 
the same composition and salt content as that carried in suspension in 
the oil, and adding a small percentage of sodium hydroxide. The mixture 
is heated to 150-180® F. The oil and water separated are removed from 
the permanent emulsion and additional saline solution is added to the 
remaining emulsion. 

Sherrick also uses iron chloride as demulsifier to resolve emulsions; 
for example, to 200 cc of an emulsion a solution of 66.24 g of iron chlo- 
ride in 100 cc of water is added. Separation of the emulsion into its 
components is the result of ion adsorption. 

Herbsman recommends separation of oil and mineral salts from 
natural petroleum emulsions by mixing them with a highly concentrated 
solution of an emulsion-breaking reagent more soluble in water than are 
the mineral salts in the aqueous phase of the emulsion. The mixture is 
allowed to stand and to stratify; the oil layer is then withdrawn and 
delivered to storage, while the aqueous layer containing the reagent and 
the mineral salts, which is also withdrawn, is crystallized to recover the 
salts; the residual solution of the emulsion-breaking reagent is returned 
to the process for further use. 

The amount of the oil-in-water dispersion in natural petroleum emul- 
sions is usually very small. In certain areas, however, where the oil is 
of high viscosity and high specific gravity, or where the water accom- 
panying it is relatively soft and fresh, dual emulsions are encountered. 
In these oil-in-water-in-oil emulsions the primarily dispersed water drop- 
lets themselves contain oil, i.e.y they are themselves emulsions in v/hich 
oil is the disperse phase. The dual type emulsion water-in-oil-in-water 
may exist, but no practical attention has been paid to these systems. 
The oil-in-water type yields small recoveries of oil and is resolved by 
means of electrolytes such as calcium chloride, ferrous sulfate and hydro- 
chloric acid.®^® 

Solids 

Separation of water from crude oil may be brought about by the addi- 
tion of solid demulsifiers, coarse-grained materials, such as sand or glass, 
which assist in separating the water. Robinson brings a finely divided 
powder, such as granite dust, into intimate contact with the aqueous 
emulsion. The temperature is chosen so that one of the phases of the 
emulsion is agglomerated into a thick, solid mass to separate the other 
phase. The quantity of the solid added must be at least 20 per cent by 
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weight of the emulsion. A large proportion of the aqueous phase sepa- 
rates and then a further quantity of emulsion is added. When heated, 
the mixture undergoes a reversal of phases, and the resulting agglomerate 
of granite dust is settled and separated from the oily phase. Trent mixes 
the water-containing material with ground carbon-containing material to 
form a plastic mass which aids in removing the impurities originally 
bound, as well as the water. Dittersdorf resolves emulsions by 
mechanical action of fine-grained materials, e.g., fine sand, glass splinters, 
or iron splinters. The heated emulsion is mixed with the fin6-grained 
material by means of air or a stirrer, or in filters filled with these sub- 
stances. Eddy uses as a demulsifying agent powders of diatomaceous 
earth, acid-treated clay, or marble. They are blown with gas or air onto 
a filter plate, provided with openings which are too small to permit 
passage of the powdered demulsifier; thus the latter is deposited on the 
filter plate while the gas passes through. The deposited coating of emul- 
sifier is wetted before the fiow of gas through the filter plate is arrested, 
and then the emulsion to be broken is passed through the filter. 

Robinson *** secures continuous separation of oil-water emulsions, in 
which water is the disperse phase, by passing through the emulsion a 
flocculating agent or a counter-colloid, such as dispersed lepidolite, phos- 
genite, quartz, garnet, and magnetic iron ore. The grains must have an 
adhesion tension with water which is greater than their adhesion tension 
with oil; the grains are collected and returned to the emulsion for redis- 
persion. 

Robinson claims that petroleum oil emulsions may be broken by 
direct contact with a relatively large amount of a coarsely powdered 
solid or a relatively small amount of a finely powdered solid, such as 
bentonite or zeolite, both possessing an adhesion tension with the dis- 
persed liquid which is not less than two and one-half times their adhe- 
sion tension with the continuous liquid of the emulsion. These powders 
are insoluble and chemically inert to all the constituents of the emulsion. 
The proportion of the finely powdered solid is controlled so as to produce 
resolution of the emulsion at the desired rate. 

Cross” dehydrated emulsions by intimate mixing with bentonite, 
which is removed afterward. Blake-Smith (Brown and Meinzer) effect 
the resolution of emulsions by first disturbing the equilibriiun in the 
emulsion system by stirring and then adding quartz sand, bentonite and 
other zeolites, as well as metal sulfides, with continued stirring. Fischer 
uses a continuous treatment of the emulsion with a mixture containing 
iron pyrites and quartz. Robinson resolves emulsions of the water-in- 
oil or oil-in-water type by adding melted aluminum oxide, hematite, cork, 
or wood readily wetted by light oil. The grains are taken either to the 
upper or to the lower part by the rotation of the drum containing the 
emulsion mixture and the dispersed treating agent. 

Van Loenen resolves petroleum emulsions by treating the emulsion 
with granular solid material having sharp edges. A definite ratio between 
fine- and coarse-grained bodies is maintained. Van Loenen®**® also 
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resolves crude-oil emulsions with granular solids contained in a horizontal 
rotating drum so constructed that the solids are distributed in the liquid. 
Manley and Knoss^^^ separate oil and water from petroleum emulsions 
by preheating the emulsion to a temperature sufficient to effect demulsifi- 
cation when mixed with a solid demulsifying agent, such as a filter aid. 
The resulting mixture is subjected to a thickening process whereby sepa- 
ration of the demulsified liquids and the demulsifying agent in the form 
of a concentrated suspension is effected. 

Morrell®®^ dehydrates mineral oil-water emulsions by suspending a 
finely divided metal, such as magnesium, aluminum, zinc, iron, tin, lead, 
nickel, chromium, or copper in the emulsion, thereby increasing the con- 
ductivity ; a high-voltage electric current is allowed to act upon the emul- 
sion as it passes between two electrodes; this results in water separation. 

Petroleum emulsions of the water-in-oil type are broken by the action 
of a demulsifying agent consisting of floating calcium carbonate in a solu- 
tion of soda and a soluble salt of an alkylated aromatic sulfo-acid, such 
as sodium isopropyl-)3-naphthyl sulfate.®®® 

Oil-in-water emulsions are dehydrated by treating them with a min- 
eral easily wetted by oil and poorly wetted by water, such as magnetite 
and pyrite, and then treated with a substance readily wetted by water, 
but not by oil, such as quartz or silicate. A counter-current is produced 
and stirring performed. An arrangement is provided for introducing the 
dehydrating mixture.®®® 

Liquids used for sealing purposes, substantially free from sulfonated 
hydrocarbon material, may be freed from emulsion-forming impurities 
such as metal dust and linseed oil by slightly heating the water-in-oil 
emulsion which has formed in use, and adding at atmospheric pressure a 
solution containing at least one per cent of soap and water glass. The 
mixture is then allowed to stand and separate into layers, water and 
impurities forming the upper layer .®^® 

Emulsions of the water-in-oil type are broken and the oil desalted by 
treating with a 0.05-0.5-per cent mixture of a compound containing an 
OCl radical, e.g., calcium hypochlorite [Ca(OCl) 2 ] Ca(OCl)Cl called 
‘‘bleaching powder,” and a solid material containing soda, water, together 
with a stabilizer such as a soluble chromate. A dry organic acid may be 
added to advantage.^®*^ 

Water-in-oil emulsions, such as those of crude petroleum, are first 
freed from most of the water which precipitates out spontaneously, and 
then heated, e.gf., in a heat exchanger to 200° F, and then conducted with 
a salt solution through a tower filled with finely divided inert material 
such as quartz sand. The salt solutions should be of the same or higher 
concentration than the salt content of the emulsion, namely, about 10-26 
per cent. The demulsified oil and the solution are led off separately .'^®* 

Gases 

Alexander® uses a non-inflammable liquid of low boiling point and 
low specific heat with a specific gravity above that of water, for exam- 
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pie, dicliloretliyleiie, tetrachlorethylene, carbon tetrachloride, or tetra- 
chlorethane. This is passed in a liquid or a gaseous state through the 
adsorption or filtering device for removing the oily substances. Prior 
thereto, as much as possible is removed by a reversed vapor stream or by 
air. The solvent is recovered by distillation. 

Walker’s patent for dehydrating oils involves an agent which may 
be used in a gaseous form to facilitate direct contact with the total emul- 
sion surface in the body of the oil. Formaldehyde as a gas is used as a 
dehydrating agent. The formaldehyde gas is generated by passing steam 
through formalin or by heating paraformaldehyde, the gas generated 
being carried into and distributed by steam through the oil containing 
the emulsion. The formaldehyde gas, admitted into the oil imder pres- 
sure, with steam as carrying agent, assists in breaking the emulsion. 
When the mixture is actively stirred, the viscosity of the oil decreases 
and the surface tension of the water in the emulsion is decreased. Acet- 
aldehyde may be used instead of formaldehyde, but its expense prohibits 
its use commercially. The action of formaldehyde in breaking oil-in- 
water emulsions, as presented by Walker, appears to be more of a physi- 
cal nature than a true chemical reaction, since formaldehyde does not 
ionize in a water solution and therefore cannot neutralize the electrical 
charge of the disperse phase of the emulsion. It is thought that the 
formaldehyde gas acts rather as a catalytic agent in breaking down the 
emulsion. 

Burwein® treats water-in-oil petroleum emulsions with small but 
effective amounts of constituents of a mixture, obtained by the action of 
an oxidizing gas, such as air, on mineral-oil hydrocarbons at 155° and 
under superatmospheric pressure up to 350 lbs per sq in in the presence 
of manganese oleate (which promotes oxidation) , until a definite amount 
of acidic compounds, soluble in the reaction mixture, is formed. The 
unsaponifiable oxidation products and the unoxidized oil are separated 
from the mixture, so that the mixture which acts as a demulsifier consists 
largely of saponifiable acidic oxidation products of hydrocarbons. 

Lerch^®^ resolves emulsions by heating and agitating them with an 
air stream at 190-200° F in the presence of salt water and/or a chemical 
treating agent. 

Pure Oil Company®®® first passes sulfur dioxide into the emulsion, 
and then hydrogen sulfide. The emulsion is heated at 130° F for one and 
one-half hours. 

For breaking petroleum emulsions, Herbsman recommends mixing 
hydrogen with the emulsion and activating it with metallic iron, cobalt, 
or nickel, or with the oxides, formates, acetates, oxalates, and tartrates 
of these metals. Hydrogen may also be produced in an emulsion by elec- 
trolysis or by the addition of alkali or alkaline-earth metals ; in the latter 
cases hydrogen, being in a nascent state, is especially active. 
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Colloids 

Dehydration may also be carried out by addition of colloids. Ayres ** 
adds to an emulsion a small amount of a material which is soluble in 
petroleum, but contains also a substance, such as starch, defined as a 
water-soluble protective colloid which is normally insoluble, but may be 
rendered soluble in oil by dissolving it in other substances. De Groote 
uses solutions of substances containing highly colloidal, coagulescent 
soap-forming radicals. The Sharpies Specialty Co.*®^ adds to the emul- 
sion an organic reagent free from mineral substances. Those substances 
should have properties of hydrophilic emulsifying colloids. Gelatin and 
glues are also of use, opposing the influence of the emulsifying colloid 
dispersed in the oil. In the case of crude petroleum and petroleum 
emulsions formed by an acid treatment followed by washing with water, 
this method of dehydration finds advantageous application. 

Saponin,®^® a hydrophobic colloid soluble in oil, is recommended as a 
treating agent in dehydration processes. 

Raul®®* dehydrates crude petroleum at an increased temperature, 
using molasses as a demulsifier. The mixture is filtered and allowed to 
settle. Molasses and water separate from the oil. 

Soaps 

Gray ^®® prepared a demulsifying agent by mixing the oil with resin 
containing some free sulfuric acid, separating the oil from the resin, and 
partially neutralizing with alkali. The neutralizing residue is then drawn 
off completely and the demulsifier thus formed is washed. Tretolite 
Co breaks an emulsion by heating it with a resin derivative. 

According to De Groote,**® mixtures of an aqueous solution of sodium 
oleate, sodium resinate, ammonium oxystearate, or potassium sulfo- 
naphthenate may be used, together with a solution of a salt such as 
sodium chloride or sodium sulfate. Stearolactone mixed with a solvent 
such as ammonium oleate, potassium oleate, or saponin, is recommended; 
a hydrophobic oil-soluble treating agent, such as naphthenic acids, resins, 
fatty acids, sulfonic acids, olive oil, flaxseed oil, and a liquid such as an 
aqueous solution of glycerin,®*® may also be used. 

Dennhardt *®® leads the crude oil under pressure into a container hav- 
ing a stirrer, and the oil is subjected to pressure with addition of suitable 
demulsifiers, such as sodium oleate, sodium resinate, sodium silicate, and 
phenol. The method serves to destroy roily oil and “BS” of very stiff 
emulsions. 

Water-in-oil emulsions, such as “roily oil” or “bottom settlings” are 
treated *** with calcium cresolate, magnesium resinate, or other suitable 
substances which are water-insoluble, water-wettable, colloidally disper- 
sible, and free from a fatty acid radical. The second patent specifies 
passing petroleum emulsions through material, such as sand, composed 
of small particles separated by voids approaching capillary dimensions, 
and simultaneously subjecting the emulsion to electric dehydrating 
action.*®*'*®* 
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A water-soluble salt of calcium, magnesium, strontium, or barium and 
sodium oleate in aqueous or alcoholic solution may be used as a demulsi- 
fier in separating oil-in-water emulsions. 

Since sodimn and ammonium soaps are hydrophilic, they are used for 
breaking oil-field emulsions. Sulfo-soaps are produced by sulfuric acid 
treatment of the vegetable oil before saponification. The presence of free 
glycerol is generally advantageous.®*® 

Among demulsifying chemicals quite popular for removing water 
from petroleum emulsions are agents allowing the silt and 'sediment to 
precipitate along with the insoluble soaps formed.*® Tret-O-lite is the 
registered trademark (U. S. P. Office TM 161,052, applied to demulsifying 
chemicals marketed by the Tretolite Company (formerly Wm. S. Bar- 
nickel & Co.). 

The composition of a Tret-O-lite compoimd given by Matthews and 
Crosby,*®* t.c., sodimn oleate, 83 per cent; sodium resinate, 5.5 per cent; 
sodium silicate, 5.0 per cent; phenol, 4 per cent; paraffin, 1.5 per cent, and 
water, 1 per cent, has been obsolete for many years. It was dyed with 
azerole green and added to the emulsion in amounts of O.l-l.O per cent 
by weight. The treating procedme described by Matthews and Crosby 
was to obtain an intimate mixture by agitation with air or natural gas. 
The breaking of the emulsion is hastened by heating to 150° F. There is 
no limitation 'to the permissible oil content of emulsions susceptible to 
treatment with Tret-O-lite. Many emulsions containing 2 per cent or 
less of water are chemically treated to meet pipe-line requirements of 
0.5 to 1 per cent. Tret-O-lite is used in proportions of one part of chem- 
ical to 10,000*parts or more of recovered oil. Thus, if all the Tret-O-lite 
remains in the oil and is present to the extent of 0.01 per cent or less, 
then it is an amount too small to be capable of analytical determination 
and insignificant compared to 0.5-2 per cent of the residual brine content 
(1 part in 200 or more). Several hundred varieties of Tret-O-lite have 
been or are being sold. 

Maksimovitch *^* describes experiments carried out with naphthenic 
acid soap, water glass, commercial soap, starch and Tret-O-lite for break- 
ing emulsions in Khaduizhi. The best results were yielded by Tret-O-lite 
containing sodium oleate 80 per cent, phenol 10 per cent and water glass 
10 per cent; the proportion used was 0.05 per cent on the volume of the 
emulsion. Tret-O-lite was successfully replaced with 2-3 per cent of 
alkali sludge from kerosene. Bennett*® gave a tabulation of existing 
products of Tret-O-lite used as demulsifiers, including their composition. 
The latter is complex and not all components appear to be essential. 

A water-soluble soap and cyclohexanol may serve as demulsifier for 
petroleum emulsions. Suitable mixtures are the water-soluble soap and 
cyclohexanol with an alkali compound of aldehydes or ketones; further- 
more, castor oil may be admixed with the first two. The same effect is 
attained with mixtures consisting of a water-softening body and an 
ammonia compound of furfural, or ammonia compounds of aldehydes or 
ketones.*®®* 
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Alcohols 

Taranow and Twertzin mix the emulsion with about 1 per cent of 
amyl alcohol or a solution of the latter in acetone, and allow it to settle. 

Tyler effects resolution of water-in-oil emulsions by adding 0.5 to 
2.0 per cent of a mixture of alcohols containing C4 to C7 or above Cg, 
boiling point 100-210® F, insoluble in water, and formed by catal3rtic 
hydrogenation of carbon monoxide under high pressure and tempeiature. 

Koetschau 2*^3 describes the demulsifying action produced by alcohols. 
He considers the importance of determining the maximum speed of phase 
separation, which is a function of particle size, viscosity and gravity dif- 
ferential, and the resistance to emulsification as a matter of interfacial 
adsorption. 

Wayne claims as resolving agents for petroleum and other water- 
in-oil emulsions polyhydric alcohols, aliphatic aldehydes, or fatty acids 
rendered soluble by sulfonation or condensation with aromatic sulfonic 
acids or alkyl amines or both. 

A polyvalent alcohol (aliphatic, aromatic, or of a mixed nature), 
which is esterified with a polyvalent acid and with a hydroxylated fatty 
body, may be used as demulsifier in resolving petroleum emulsions. 
Phthalic acid or phthalic anhydride is heated with glycerin for about 
10 minutes to 150® ; the product is then heated with an equal weight of 
castor oil to 250® for 20 minutes, to combine the free acid groups with the 
castor oil.®®^ 

A process of treating crude petroleum emulsions for dehydration pur- 
poses involves intimately mixing with the emulsion a prepared reagent 
containing fermentation products of micro-organisms, but substantially 
free from such living organisms. To prepare the reagent, a carbohydrate 
solution such as maltose, lactose, potatoes, rice, etc., is fermented through 
micro-organisms contained in it, producing alcohols in the proportion of 
at least 8-16 per cent by volume, and to it is added a cyanogen salt in 
combination with a metallic base. The liquid from the solution is sepa- 
rated and used to mix with the crude petroleum emulsion.^®*^ 

Bregeat continuously washes the emulsion with solutions of phenol 
or cresol, or their hydrated derivatives, or of naphthols, aromatics, sul- 
furated compounds or their mixtures, with or without pressure. 

Co. Gfinerale d^Exploitation des Brevets et Precedes de Recuperation 
Bregeat Soci^te^^^ either subjects emulsions to a systematic washing 
with substances of the phenol series or their hydrogenation products, or 
with hydrogenation products of naphthols and naphthalenes, or mixes 
them with aromatic derivative products of sulfuric acid alone or in an 
optional mixture with each other. Either the emulsion or the washing 
liquid is heated. 

Lewis decomposes emulsions by precipitating out the colloidal 
ingredients by adding a phenol ester and a dissociating salt which con- 
tains low- valent cations and monovalent anions; such salts are, for exam- 
ple, tribasic sodium phosphate, sodium ferrocyanide, and sodium ortho- 
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vanadate. Aluminum sulfate, which promotes coagulation, may also be 
added. 

Hydroxy- Derivatives 

Lewis introduces into the emulsion a compound prepared from an 
ester of an aliphatic acid with a hydroxy- derivative of a polycyclic 
compound, such as 1-naphthylbutyrate, l-naphthylpropionate, 1-anthryl- 
valerate, or 3-phenanthrylcapronate. Calcium hydroxide is added with 
stirring to bring the solution to a pH of 8.5 to 9.5 and, with continued 
stirring, an electrolyte, such as ferric chloride, is added to bring about 
coagulation. 

DeGroote^®* patented the following dehydration treatment: the 
emulsion is first subjected to the action of a demulsifying substance, such 
as hydroxy-stearic acid, ;8-naphthol, ester of ricinoleic acid, etc., and then 
dehydrated electrically. 

Tretolite Co.®*® also subjected the emulsion to the action of an agent 
which consisted of about 30 per cent of a hydroxymonocyclosulfoaromatic 
group and 20 per cent of a non-hydroxylated aromatic tar acid oil. 

Tretolite Co.®®® uses as a demulsifier hydroxyoctadeca-9,ll-dienoic 
acid material of the formula type XTCOOZ in which X is at least one 
oxygen atom or at least one hydroxyl radical or an acid residue; T, an 
octadeca-9,ll-dienoic acid residue, and Z an acid hydrogen equivalent. 
Tretolite Co.®*® claims that water-insoluble hydroxylated fatty acids, 
suitable for demulsifying water-in-oil emulsions, are obtained by hydro- 
lytic decomposition of fatty acid sulfates of the linseed oil type, blown 
with air or oxygen until substantial oxidation takes place (150°). 
DeGroote, Wirtel and Keiser®** patented as a demulsifying agent a 
poly-keto fatty acid compound such as may be derived by pressure oxi- 
dation of castor oil with linseed oil, methyl alcohol, and naphtha solvent. 
Another patent®^® relates to similar use of a keto fatty acid material 
such as may be derived from castor oil with benzene and ethyl alcohol. 

Another demulsifying agent ®®® is a hydroxylated non-sulfo-fatty acid 
compound of the type (R'TOH)COOZ in which R' is a fatty acid or its 
glyceride; T, an aromatic residue attached directly to R'; OH, a hydroxyl 
attached directly to T; COO, the carboxyl residue, and Z, the “hydrogen 
ion equivalent,” such as the triethanolamine salt of phenol stearic acid. 

An acid-free keto fatty acid compound, , such as ketohydroxy-stearic 
acid or a salt or ester thereof, is used as demulsifying agent in breaking 
petroleum emulsions of the water-in-oil type. Similarly the use of a 
demulsifying agent consisting of a salt-free poly-keto fatty acid com- 
pound, such as may be derived from castor oil by suitable oxidation, has 
been suggested.®*® 

The water-in-oil type of emulsion may be resolved by subjecting it to 
the action of a demulsifying agent characterized by the presence in the 
molecule of at least one radical obtained by dehydroxylation of a 
hydroxylated fatty acid compound, at least one radical obtained by elimi- 
nation of at least two carboxylic hydrogen atoms of a polybasic car- 
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boxylic acid, and finally at least one amine radical, characterized by 
having in place of at least one amino hydrogen atom, a substituent radi- 
cal obtained by dehydroxylation of a radical selected from the class con- 
sisting of polyhydroxyalkyl and polyhydroxyalkyl-oxyalkyl radicals. 
Further, the molecule is characterized by the fact that there is present at 
least one ester linkage involving one of the hydroxyl radicals of the 
polyhydroxy amine component.^®^* 

Condensation Products 

DeGroote and Adams treat petroleum emulsions by subjecting 
them to the action of an altered hydrocarbon, a condensation derivative 
product (e.flf., starch treated with sulfuric acid and condensed with 
phenol). In this product the hydrocarbon group stands in a simple 
genetic relation to the starting material and contains an organic substance 
(the alkaline-earth salt, which is insoluble). Tretolite Co.®^® patented 
the treatment of petroleum emulsions with condensation products of 
petroleum sulfonation products with aldehydes or ketones. 

Rost^^^ claims a rapid separation of the emulsion when effected by 
the addition of 0.3 per cent of formaldehyde or its polymerized deriva- 
tives. This method may be applied in treating aqueous liquids, as well 
as fats, of every kind. 

Tretolite Co.®®® recortimends breaking water-in-oil emulsions by means 
of a condensation product of a heterocyclic compound and a non-sulfo 
reactive hydrocarbon compound (which product may be saponified to 
render it water-soluble if a carboxyl group is present) . 

A demulsifier for water-in-oil emulsions may be made of the partial 
esterification product of a monocarboxy- detergent-forming acid, such as 
rosin acid, naphthenic acid, or higher fatty acids, and the dihydroxy- 
compound obtained by condensing urea with a number of molecular pro- 
portions of an alkylene oxide, such as ethylene or propylene oxide. The 
compound so obtained is treated in such a manner as to introduce a 
ricinoleyl radical. For example, 14 parts of a condensation product from 
urea and ethylene oxide are heated with 2.4 parts of stearic acid at 160® 
while stirring, until a sample of the mixture is completely soluble in 
water. The condensation product itself is prepared from a mixture of 
1 part of urea with 30 parts of ethylene oxide heated in a closed, pressure- 
resisting container at 120® for 9 hours; 90 per cent of ethylene oxide 
entered into combination,®*^ 

Organic Acids and Their Salts 

Johnson 2 ®® demulsifies tar emulsions by the addition of a carboxylic 
acid, which is soluble in the tar but not in the water; resin, oleic, stearic, 
palmitic, linoleic, or arachic acids may be used. 

Johnson and Birger-®® treat aqueous tar emulsions with a water- 
soluble carboxylic acid soluble in tar. The product is allowed to stand 
until separation occurs. 

Schmidt’s^*® demulsifying and dissolving medium consists of the 



308 


BMVL8I0NS AND FOAMS 


water-soluble salts of carboxylic acids, substituted by higher aliphatic 
radicals, such as propyl, butyl and amyl. An example is butyltetrahydro- 
naphtbalenecarboxy acid which, when added to Tetralin, gives a clear 
solution on dissolving in water. 

Hinrichs^^ mixes emulsions with a solution of a chlorine addition 
product of a liquid fatty acid in carbon tetrachloride, and Bloxam^f 
treats the emulsion with a kind of modified fatty acid, ethers and sulfo- 
nates of fatty acids. Further, sulfurated fatty acids and their deriva- 
tives, hydroxylated, halogenated, sulfurated and nitrated products, as 
well as amines, ethers and soaps are used. 

The numerous chemical compounds used for breaking crude-oil emul- 
sions may or may not be of the water-softener type. Some fatty acid 
compounds, similar to sulfonated oil or Turkey-red oil, act on the col- 
loidal matter in resolving the emulsion. 

Petrolexim emulsions may be resolved by adding a fatty acid deriva- 
tive of cocoanut oil,^”^ and also by the use'^^'* of amino fatty acids 
obtained by treatment of unsaturated fatty acids or imsaturated fatty 
acid glycerides with ammonia or organic primary or secondary amines, 
such as butyl-, amyl-, ethanolcyclohexylamines, aniline, or piperidine. 
The amino group may be replaced by, or exchanged with a second mole- 
cule of unsaturated fatty acid. Also, the amino fatty acids may be con- 
verted with anhydrides of dibasic carboxylic acids, such as succinic or 
maleic acids or phthalic anhydride, for example: 



H H 

N ^ 

I 

H— CH— (CH), — COOH 



R— CH— (CH»V— COOH 


Pyhala,^^^ discussing the dehydration of emulsified crudes of Bibi 
Eibat near Baku, as well as of Tschaleken Island in the Caspian Sea, 
points out that some of these emulsions could not be broken at all. Berk- 
hahn “ succeeded in dehydrating these crude emulsions by adding kero- 
sene naphthenic acids. Addition of 0.5 per cent of a naphthenic acid gave 
satisfactory results. (This method has been patented in Russia.) Gur- 
witsch, and later Naphtali, explained the dehydrating action of naph- 
thenic acids by the decrease of interfacial tension; but they considered 
normal emulsions consisting of water and oil without foreign substances, 
whereas the stiff emulsions are those containing mostly free petrol acid, 
and a considerable proportion of mineral ingredients distributed in a 
mechanical combination. Berkhahn, in his patent, considers that naph- 
thenic acids cause solution of by-products which act as stabilizers. In the 
crudes concerned such a stabilizer seems to be ozokerite. (A decrease in 
the interfacial tension also follows by the addition of petrol acid and 
kerosene, as well as of naphthenic acids, because they dissolve the sta- 
bilizer.) Similarly, the stable emulsion state of crudes not containing 
paraflSn is destroyed by the addition of naphthenic acids. In this case 
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the naphthenic soaps play the part of the stabilizer. The alkaline water 
forms salts of petrol acid which, being replaced by metallic salts present 
in the water, are converted into soaps. The latter separate because they 
are insoluble in water and are adsorbed by the crude oil, being readily 
soluble in it. Under certain physical conditions favoring the formation 
of an emulsion, e.g,, when the crude oil is mixed with water, lime or 
sand by means of natural gas under pressure, the soaps mentioned above 
precipitate out and mix with the earth sludge and water, and a stable 
crude emulsion is formed. 

Ryazanovskii states that addition of a solution containing 0.25 
per cent of naphthenic acids and 0.25 per cent of sodium chloride, or 
0.25 per cent of naphthenic acids and 0.2 per cent of sodium hydroxide 
effects a 98.6 per cent separation of oil from water. 

Conversion of esters of fatty acids, resin acids, naphthenic acids or 
their halide derivatives, or of sulfo compounds with polyvalent alcohols 
containing free OH groups with sulfuric acid, whereby the free OH 
groups are saturated by each mol of sulfuric acid, yields products which 
may serve as demulsifiers. The remaining hydrogen atom of sulfuric 
acid may be saturated further by alkali, ammonia, or organic nitrogen 
bases, such as pyridine. A suitable compound is obtained by preparation 
of an aromatic sulfo fatty acid by condensation of ricinoleic acid with 
phenol in the presence of sulfuric acid. The acid sodium salt of this 
sulfo acid is esterified with glycerin chlorhydrine and finally converts 
the reaction product with pvridine sulfuric acid; CnHsa — HCcHsCOH) 
(SOsNa)— COO— C3H5(0H)— SO4H— CsHsN is obtained. 

Petroleum emulsions are resolved by means of esters obtained by 
esterification of oxy-fatty acid amides with polybasic acids, such as suc- 
cinic, maleic, fumaric, citric, oxalic, tartaric, glutaric, naphthenic or 
sebazinic acid. The oxidation products of ricinoleic acid, cottonseed oil, 
oleic acid, and corn oil are used most frequently as oxy-fatty acids. The 
acid groups of the demulsifier so obtained may be neutralized with alka- 
lies or organic bases. The amides of fatty acids or oxy-fatty acids, such 
as ricinoleic acid amide, oxyricinoleic acid amide, oxystearic acid amide, 
dioxystearic acid amide, and polyricinoleic acid amide have also been 
specified as demulsifiers for petroleum emulsions.®^^ 

The acid esters of strong, polybasic carboxylic acids, such as citric, 
fumaric, maleic, oxalic, and phthalic acids, with monovalent aliphatic 
alcohols, such as butanol, amyl alcohol, and propanol, are used for break- 
ing petroleum emulsions. The acids should show a dissociation constant 
above 7.10*^ at 18-25°. Monobutyl phthalate is especially suitable.®*® 

Tretolite Co.*®* used a mixed ester, such as the reaction product of 
mono-olein with oxalic acid, or one derived from castor oil, phthalic 
anhydride, and glycerol as a demulsifier. Halogenated polyvalent alco- 
hols may be substituted for glycerol, and oleic acid, stearic acid, naph- 
thenic acid or resin acid for castor oil. Tretolite Co.*®® claims as demulsi- 
fier a reaction product obtained from one mol (356 lbs) of mono-olein 
(oleic acid and glycerol) heated with one mol (118 lbs) of finely pulver- 
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ized succinic acid; the mixture is stirred and dry air is blown through it 
at 185-200® until an ester is formed. Abietic or naphthenic acid may be 
used instead of oleic acid; polyhydric aliphatic, aromatic, cyclic, or 
heterocyclic alcohols for glycerol; and maleic, citric, tartaric, or fumaric 
acid for succinic acid. 

Kuczynski added 0.1 -0.3 per cent of commercial carbolic acid for 
dehydrating emulsions. The temperature maintained is about 40°. Above 
100® a smaller proportion of the chemical, 0.01 per cent, is sufficient. 
Separation time for 10,000 kg of the emulsion is about 12 hgurs. Steam 
economy and minimal benzine wastes are claimed for this method. 

AverilP^*^® patented several methods for the dehydration of emul- 
sions by means of chemicals. He added water varying from 5 to 80 per 
cent by volume, to the original emulsion in order to re-emulsify it, after 
which he subjected it to the action of a demulsifier. An amount of water 
at least equal to the volume of the emulsion, jis added. The mixture is 
demulsified with a chemical agent which causes all the water to separate. 
Furthermore, the same investigator^® proposed heating the emulsion 
before adding the demulsifier, subjecting it to electric dehydration after 
homogenization, and settling it by gravity. It is suggested that a demul- 
sifier, /5-naphthol ester of ricinoleic acid, be added to the emulsion, which 
is then subjected to homogenization, to diminish the distribution of sizes 
of water droplets formed, and finally dehydrated electrically. An appa- 
ratus for dehydration by means of chemical reagents is described by 
Averill in another patent.^® 

Tretolite Co.®®^ effects demulsification by using dehydration products 
of ricinoleic acid of a specified character, such as are formed by heating 
ricinoleic acid above 100®, neutralizing with a substituted basic amine, 
such as triethanolamine, and diluting with pine oil. A mixture of blown 
fatty material, such as blown castor oil, and alkylated naphthalene sul- 
fonic acid compounds in specified proportions is recommended. Treto- 
lite Co.®®® refers to the use of a demulsifying agent composed on an ester 
derived from a non-cyclic, non-fatty, dibasic carboxylic acid of the type 
(CH 2 )n(COOH) 2 , in which n is at least 5 and not more than 8, and a 
hydroxylated fatty acid compound, such as sebasic acid, castor oil, or 
the like. Tretolite Co.®®^ discloses a demulsifier comprising a hydroxyhen- 
decenoic acid material of the formula type xTCOOZ, in which x is at least 
one oxygen atom or at least one hydroxyl radical, or an acid residue; 
r, a hendecenoic acid residue; and Z, an acid hydrogen equivalent. 

Tretolite Co.®®^ breaks petroleum emulsions by using neutral phthalyl 
mono-olein as a demulsifying agent. 

Another demulsifier which has been used is a mixture of ammonium 
ricinoleate and addition compounds of KHSO3 with aldehydes or ketones, 
such as butylaldehydc, crotonic aldehyde, aldol, benzaldehyde, furfural, 
acetone, methylethylketone, or methylisobutylketone. Especially suited 
is a mixture of 11.1 per cent furfural KHSO3, 60.4 per cent ricinoleic acid, 
8.9 per cent NHs (26® Be) and 29.6 per cent castor oil.^" 

Tretolite Co.®®® uses as demulsifiers acetylated products of hydroxyl- 
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ated fatty acids, e.g,, the ammonium salt of the sulfo acid of acetylricin- 
oleic acid. For example, 400 parts of castor oil and 200 parts of acetic 
anhydride are boiled in a reflux condenser for four hours. To the cooled 
product is added 200 parts of 60® Be sulfuric acid with stirring; it is 
allowed to stand for 24 hours, and washed with water or sodium sulfate 
to remove the excess acid. The product obtained contains acetyl sulfo 
ricinoleic acid, CH 3 fCH 2 )BCH(CH 3 C 00 ).CH 2 CH(S 04 H) (CHalsCOOH, 
which is neutralized with alkali. 

Tretolite Co.®®® breaks petroleum emulsions with a demulsifying agent 
composed of a substituted triricinolein in which three “alcoholform” 
hydroxyls have been replaced by radicals, such as those of oxalic or 
phthalic acid, in which the hydrogen of the carboxylic radical may be 
replaced by NH 4 to form a salt. 

Another agent used in breaking petroleum emulsions ®®® consists of a 
mixture of: (a) a water-soluble sulfo material, such as triethanolamine 
salt of dioxalyl-triricinolein, which has demulsifying properties but does 
not precipitate, when free from other materials, in the presence of an 
alkaline-earth salt; and (b) a water-soluble demulsifier, such as the 
sodium salt of sulfonated oleic acid, which forms a precipitate with 
alkaline-earth salts. The constituents (a) and (b) are used in propor- 
tions corresponding to their average molecular weights, and the combined 
mixture is capable of being wholly precipitated by alkaline-earth salts. 

A demulsifying agent for treating water-in-oil emulsions is obtained 
from a castor oil ricinoleic acid, polyricinoleic acid, or the like by 
heating to about 150-200® and blowing with air or oxygen for 15-20 
hours. Likewise polyketo acids may be used having the type formula 
[CH 3 (CH 2 ) 5 C 0 CH 2 R(CH 2 ) 7 C 0 .T.C 00 ], in which R represents the 
grouping — CH=:CH — or — CH(OH)CH(OH) and T represents a fatty 
acid radical obtained by subjecting castor oil mixed with linseed oil (not 
over 10 per cent) to oxidation at approximately 45 lbs pressure and at 
about 120 ®.®®^ 

Another invention regarding oil-demulsifying processes pertains to 
the use of a reagent composed of an aqueous solution of alkali thiocyanate 
or alkali thiosulfate and a diethylene glycol ether. A typical reagent 
may be prepared by mixing one pound of sodium thiosulfate and 2.43 lbs 
of diethylene glycol and adding 41.6 lbs, or approximately five gallons, 
of water. Small percentages of lactic and acetic acids may be added if 
desired.^®® 

Emulsions of the water-in-oil type are broken with a demulsifying 
agent containing in the same molecule an oxyhendecadiene acid residue 
and an oxyoctadecadiene acid, such as a diglyceride or ethylene glycol 
derivative. The octadecadiene acid is obtained by splitting off water 
from ricinoleic acid. For the preparation of the demulsifier, both acids 
are oxidized with air at 125-135® at about 3-5 atmospheres, and are like- 
wise simultaneously esterified with glycerin. Both acids may also be 
sulfurized and the product hydrolyzed. A demulsifying agent having in 
the same molecule an oxyhendecenoic acid residue and a keto fatty acid 
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residue derived from castor oil may also be used. In preparing this 
demulsifier, a keto fatty acid, obtained by the oxidation of ricinoleic acid, 
is added to each molecule of oxyoctadecadiene and heated with glycerin 
or ethylene glycol, whereby complete esterification occurs. Another 
patent relates to the use of demulsifying agents containing a dicarboxy 
acid residue (CH 2 )n(COOH )2 in which n is 5, 6 , 7, or 8 in mol compound 
with an oxyhendecenoic acid residue. The temperature used for the 
preparation is 125-135°. Esters obtained by the esterification of dioxy- 
hendecenoic acid glycerin ester with pimelic, suberic, azelaits, or sebacic 
acids may be used as demulsifiers.®^* 

Petroleum emulsions may be resolved by a demulsifier obtained by 
the reaction of oxyhendecenoic acid with a base such as an amine, et al., 
having the general formula YTCOO.Z, in which Y is at least one oxygen 
atom or at least one OH radical; T is the hendecenoic acid residue 
C 10 H 19 ; COO is the conventional carboxyl residue, and Z is an acidic 
hydrogen equivalent, such as an organic radical, a metal, or an amino 
group. In preparing this demulsifier, 148 parts of phthalic anhydride are 
heated with 92 parts of glycerin for 10 minutes to 125-180° until all free 
glycerin disappears, the product containing free hydroxyl groups. Into 
this product are introduced 218 parts of dioxyhendecenoic acid and the 
mixture is heated for 10-30 minutes to 150-250°, cooled and diluted with 
10-50 per cent denatured alcohol. The free acid still present is neutral- 
ized by an organic amino base.®*® 

A compound comprising both an oxyoctadecadiene residue and a 
dicarboxy acid residue derived from an acid, such as sebacic acid, of the 
type formula (CH 3 )„(COOH )2 in which n is 5, 6 , 7, or 8 , is used as a 
demulsifying agent in breaking water-in-oil emulsions. Another patent 
relates to the use of a demulsifying agent containing both a keto fatty 
acid residue derived from castor oil and a dicarboxy acid residue as men- 
tioned above. In still another patent, a demulsifier of the general for- 
mula (R.COO)«,T.(OH)m is used in which R.COO represents a non-sulfo 
detergent-forming monocarboxy radical; T, a polyhydric alcohol residue, 
such as glycerol or ethylene glycol glycerin; m, the number one, or more; 
and B and T are from extraneous acid residues. Finally, heptoic acid 
esters with oxy-fatty acids such as ricinoleic, oxyhendecenoic or oxyocta- 
decandiene, may serve as demulsifiers.®*® 

In treating emulsions, particularly those from wells, a demulsifying 
agent comprising a product obtained by a mild, gaseous oxidation of a 
chemical compound, such as diphthalated mixed triglycerides from diri- 
cinolein and fatty acids of linseed oil mixed with drain oil from coal tar 
and oxidized with air at 75°, is used.®®* 

Water-in-oil emulsions may be broken by the use of a cation-active, 
surface-active substance of the type formula: 
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in which Z represents any univalent aliphatic hydrocarbon radical having 
at least 12 and not more than 22 carbon atoms; A, a substituent hydro- 
carbon radical to replace a hydrogen atom of the sulfonium radical (the 
total number of carbon atoms present in AAZ is not over 35) ; and X, a 
propyl sulfuric acid radical.®*^'* 

Petroleum emulsions of the water-in-oil type are subjected to the 
action of trimethyloctylphosphonium propyl sulfate or other cation- 
active, surface-active substance of the fprmula ZAAAPX, in which Z rep- 
resents any univalent hydrocarbon radical having at least 6 carbon atoms; 
AAA is at least one hydrocarbon radical, and not more than 3 hydro- 
carbon radicals which replace three hydrogen atoms of the phosphonium 
radical (these hydrocarbon radicals are univalent, bivalent or trivalent 
hydrocarbon radicals, provided the total valence value of AAA is 3) ; and 
X represents a non-surface-active radical or component. The total num- 
ber of carbon atoms in AAAZ is not over 35.*®^'“ 

Another demulsifying agent which may be used is a reaction product 
of ricinoleic acid with diethanolamine, phthalic anhydride and glycerol or 
another compound of the general type formula YX in which Y denotes a 
residue derived from an amide of the formula: 

(RCO)..N-[D(OH)„]T(2-n'), 

in which n and n' represent the numerals one or two; D is a hydrocarbon 
radical ; T is a non-ionizable hydrogen atom equivalent selected from the 
class consisting of a hydrogen atom, a univalent hydrocarbon radical and 
a hydroxylated hydrocarbon radical containing not more than two 
hydroxyl radicals; RCO is the acyl radical of a detergent-forming car- 
boxylic acid; and X is a residue derived from a polybasic carboxylic acid 
of the type B(COOZ)»”, in which n" denotes a numeral at least as great 
as 2 and no greater than 3; B, the polybasic carboxylic acid residue; and 
Z, an ionizable hydrogen atom equivalent.®®^'”*’*'" 

Another patent ®®*''^ relates to a similar use of demulsifying agents of 
the general formula: (X) RTD, where R represents an aromatic nucleus; 
X, an alkyl radical having at least 3 and not more than 16 carbon atoms; 
T, an aliphatic hydrocarbon radical containing not more than 30 carbon 
atoms attached directly to R by means of a carbon atom to C atom link- 
age; D, a radical selected from the class consisting of hydroxyl radicals, 
carboxyl radicals, sulfonic acid radicals, amino groups, and quaternary 
ammonium radical; and n, the numerals 1, 2, 3, 4; i2 is additionally 
characterized by being free from any other substituent. 

In the preparation of such compounds, 150 parts of sulfuric acid are 
converted with 68 parts of phenyl acetic acid at 50-60°, to which is added 
148 parts of n-butanol or isohexyl alcohol and 300 parts of sulfuric acid; 
the mixture is stirred for 2-15 hours; 75 parts of hydrocinnamic acid are 
dissolved in 148 parts of n-butanol and reacted with 275 parts of sulfuric 
acid at 50°. Triisobutylhydrocinnamic acid is obtained. By using larger 
amounts of butanol, more butyl groups are introduced into the hydro- 
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cinnamic acid forming, for example, tetraisobutylhydrocinnamic acid. 
Butylated phenyl-n-valeric acid is obtained from phenol-n-valeric acid, 
which in turn is obtained from phenol-n-valeric aldehyde (obtained from 
cinnamic aldehyde and maleic acid with additional dehydrogenation and 
decarboxylation) and n-butanol. Butylated naphthyl acetic acid is 
formed in a similar manner, i.e., 34 parts of phenyl acetic acid are dis- 
solved in 84 parts of n-dodccylene, 18 parts of water are added and con- 
densed with boron fluoride at 60°. Triisobutylphenyl acetic acid chloride 
is reacted with sodium oxyethansulfonate. Benzene sulfonic acid is 
reacted with propanol to tri- and tetrapropylbenzene sulfonic acid and 
triethylbenzylammonium chloride is butylated with n-butanol and sul- 
furic acid. Cymene is reacted with ethylene glycol chlorhydrine, whereby 
the hydrocarbon is split off and the residue C2H4OH substituted. Through 
the reaction of amylated naphthalenes with glycerindichlorhydrine, prod- 
ucts are obtained in which the chlorhydrine group is substituted either in 
the amyl group or direct in the naphthalene nucleus. These products are 
coupled with sodium oxyethansulfonate; thus either the sodium or the 
hydrogen of the OH group reacts with the chlorine of the chlorhydrine 
group present.®®^*’*'^ 

Another demulsifying agent is a high molecular weight polyether car- 
boxylic acid compound containing an acid radical, characterized by (a) 
derivation from an aliphatic polyhydric alcohol containing 2-4 carbon 
atoms; (b) the presence of at least one hydrocarbon radical having at 
least 8 carbon atoms, and being of an aliphatic cycloaliphatic, alicyclic or 
aralkyl nature; (c) attachment of the hydrocarbon radical to an ether 
radical containing at least one of the hetcro atoms, the linkage still being 
through the hetero atom; and (d) the presence of at least 2 etheric oxy- 
gen atoms and by not more than 3 alkylene-oxy radicals directly attached 
to <"ach other. For example, diethylene glycol monododecyl ether is fused 
with phthalic anhydride for 2-3 hours at 140-160°, the cooled product 
dissolved in alcohol, neutralized with sodium hydroxide or potassium 
hydroxide, and the resulting product employed in demulsification. 

Sulfonated Compounds 

Hey describes a dehydration process in which the precipitation of 
impurities is effected by mixing intimately with impure hot oil or a cold 
solvent containing one of the following substances or a mixture of them: 
sulfonated oils, aqueous or alcoholic solutions of sulfonated oil soaps of 
potash, soda or ammonia. The sulfonated oil is produced by the action 
of strong sulfuric acid upon oleic or ricinicoleic acid or their glycerol 
esters, or olive or castor oil, either separately or mixed together, and 
diluted with a hydrocarbon solvent, such as benzene, toluene, xylene, 
naphtha, or mixtures of them. The surface tension of the finely divided 
water is decreased and it settles out by gravity from the oil or the sol- 
vent, producing a clear liquid and leaving a sludge containing all the 
foreign matter, as well as the excess of the reagent used. 

In another patent the petroleiun emulsion to be dehydrated is mixed 
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with a substance consisting of cresol and sulfonated oil with a consid- 
erable amount of oxystearic acid. The mixture is allowed to stand to 
separate the water from the oil. Instead of oxystearic acid, a consider- 
able amount of sulfo-oleic acid may be added. The petroleum emul- 
sion may be resolved by mixing it with a condensed product of a fatty 
substance (oleic acid) and a non«hydroxylatcd sulfonated aromatic sub- 
stance (benzene, toluene, xylene, etc.), as well as with another complex 
compound. The emulsion to be dehydrated is treated with a mixture of 
a compound of cresol and a water-soluble salt of sulfonated castor oil.®^^ 

Tretolite Co. breaks water-in-oil emulsions by the action of a 
demulsifying agent composed of equal quantities of water-miscible and 
oil-soluble petroleum sulfonate sodium salts and drastically oxidized cas- 
tor oil, mixed with about 10 per cent of kerosene. Fischer and Reddish 
state that crude-oil emulsions may be decomposed by using a reagent 
comprising a mineral oil sulfonate and ethyl alcohol. Rogers breaks 
emulsions of mineral oil and water by adding the sodium salt of a sulfo- 
nated mineral oil (i to 4 lbs per barrel of the mixture) , applying heat. 
According to the Standard Oil Development Co.,^®^ mineral oil emulsions 
separate water by the addition of a water-soluble sulfonic acid. The 
sulfonic acid is obtained by the action of strong sulfuric acid upon a 
mineral oil. The amount added is up to 5 per cent and the product is 
heated to about 165° F. A sulfonated product of a partially hydrogenated 
fat, such as castor oil or cottonseed oil, may serve as a demulsifier.®^^ 

Petroleum emulsions may be treated for the purpose of breaking with 
a polymerized, blown and sulfonated product derived from a vegetable 
oil, such as cottonseed or corn oil.®*^ Tretolite prepared a demulsifier 
for petroleum emulsions by mixing 500 parts of coal tar (anthracene 
oil, specific gravity 1.1), and distilling at 250-400° with 250 parts of 
oleic acid. The mixture is sulfonated with an equal volume of 66° Be 
sulfuric acid at 35°. The product is washed and neutralized with ammo- 
nia to the methyl orange end point. Singer demulsifies petroleum 
emulsions by adding pine oil to the extent of 10 per cent to the usual 
demulsifier, containing sulfonated oils, whereby the viscosity of the 
demulsifiers is decreased at low temperatures. A petroleum emulsion 
may be broken by agitation with a mixture of water-miscible and oil- 
soluble sodium salts of sulfonated petroleum, 45 per cent, blown castor 
oil 45 per cent, and kerosene 10 per cent.**- Halloran adds to the 
emulsion five per cent by volume of a product obtained by sulfonating 
kerosene with concentrated sulfuric acid and heating the mixture to 79° C. 

The mechanism of the sulfonation process is described by Michael and 
Weiner.®^® Separating oils from their emulsions with water is achieved 
by adding not more than 5 per cent by weight of a sulfonic acid solution 
in water formed by the action of concentrated sulfuric acid or oleum on a 
petroleum lubricating oil.^®^ 

Naphthenic acids, resins, fatty acids, sulfonic acids, olive oil, flaxseed, 
etc., and a liquid such as an aqueous glycerin solution, may be used 
successfully in demulsification processes.®^® 
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Bukh, Pivovarova and Mirzoeva^^ obtained a successful separation 
of oil from water by introducing up to 1 per cent of “black contact” 
(sulfonic acids) at a temperature of 90-95° C, or even lower. The inter- 
action between the sulfonic acids and calcium naphthenates results in 
the formation of oil-soluble calcium sulfonates, and thus assures the 
breaking of the emulsion. The application of “black contact” should be 
effected with great care because of the corrosive action on the apparatus. 
Bukh and Mirzoeva^^ break Bibi Eibat emulsions which cannot be 
settled at 80° C without the use of reagents. It is suggested* that an acid 
sludge of unknown composition should never be used in breaking an 
emulsion. The “contact” and the acid sludge obtained in the sulfonation 
of kerosene (“black contact”) are best, the latter being preferred because 
of its cheapness. The treatment requires only 20 to 30 minutes, and the 
entire operation requires about one hour. The use of the kerosene acid 
sludge instead of the heavy acid sludge previously mentioned does not 
affect the acidity of the crude oil more than in the first case. The loss of 
gasoline is prevented by using a closed treating apparatus. 

Petrow separates emulsions by splitting fats and oils using aromatic 
sulfo-acids, such as those of naphthalene and octohydroanthracene, etc. 
When 0.1-0.5 per cent of calcium sulfate is added to the splitting sub- 
stance, the sulfonic acid separates as a salt from the glycerin, water and 
fatty acids. 

Tretolite Co.®*® proposed as an oil-soluble demulsifier a mixture of (1) 
petroleum sulfonic acid soluble in water but insoluble in oil, free from 
polymers and of naphthenic-base crude oils of the Gulf Coast obtained 
by a repeated acid treatment; and (2) naphthenic acids or their salts 
with a mean molecular weight of 225. The emulsion may also be 
treated®®* with a 10 per cent solution or suspension of a demulsifier 
which is a mixture of (1) hydroxylated fatty acid (molecular dispersion), 
and (2) a water-soluble alkali salt of an alkylated naphthalene sulfonic 
acid, prepared with an alcohol having not less than three and not more 
than five carbon atoms, e.g., the ammonia salt of a butylated naphthalene 
sulfonic acid. The two components of the mixture are mixed in the ratio 
1 :3. Tretolite Co.®*® also recommends as a demulsifier a mixture made up 
of (a) 13 to 60 parts of a salt of an oil-soluble petroleum sulfonate and a 
partially saponified, modified fatty acid product in the ratio 4:1 or 1:4; 
(b) 4 to 30 parts of a dilute alcohol and kerosene in the ratio 1:5 or 5:1; 
and (c) 1 to 5 parts of ammonium sulfate. 

Coggeshall and Reilly®* separate emulsions, especially from crude 
petroleum, by vigorous stirring with an aromatic or aliphatic sulfo-acid 
or its salt, followed by the addition of an alkali or an alkaline-earth salt 
solution. For example, a solution of one part of an aromatic sulfo-acid 
and 9 parts of water is stirred with 500 parts of emulsion, to which is 
added 7.5 parts of sodium chloride in a 20 per cent water solution. Water 
separates on standing. The sulfo-acid may be replaced by soaps; there- 
fore one part of the sulfo-acid is replaced by 2 parts of soap. In the case 
of difiicultly separable emulsions, the mixture is heated to 70-75° F. 
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Petroleum emulsions containing impurities were broken by mixing 
with fatty sulfonic acids; the impurities and precipitated water*® were 
thus separated. Kontol Company*^® developed a method of breaking 
petroleum emulsions which involved adding a mixture of a water-soluble 
mineral sulfo-acid and a fatty sulfo-acid and heating to 150-200® F. 

De Groote, Keiser and Wirtel bring about demulsification by 
adding a sulfonic derivative of an unsaturated fatty substance, in which 
SOsH is attached to a carbon atom not adjacent to the original ethylene 
linkage. Thus oleic acid is treated with sulfuric monohydrate at 35® C 
and the hydrogen sulfate produced is sulfonated, hydrolyzed and neu- 
tralized with NH4OH. 

A demulsifying agent comprises a sulfo- compound derived by 
sulfonation of an unsaturated acid body, produced by thermal decomposi- 
tion of an unsaturated oxy-fatty material, e.g,, a salt or ester of sulfo- 
hendecenoic acid. 

Rogers adds a sodium sulfonate to a emulsion of mineral oil 
and water at the rate of J to 4 pounds of salts per barrel of oil, and main- 
tains the mixture at an elevated temperature until separation into layers 
occurs. 

For demulsification of Kalinsch’s petroleum, a contact containing 
sodium sulfonates (0.1 per cent) was used at 30® for 15 hours. Higher 
temperatures greatly accelerate separation of the emulsion.^* Likewise, 
neutralized acid goudron proved to be a satisfactory demulsifier requiring 
a temperature of 40® for demulsification ; it does not cause any corro- 
sion.^^ 

Walker resolves emulsions by the addition of sulfo-oleic acid, 
oleic acid and stearolactone, or by using a demulsifying agent com- 
prising a mixture of reaction products resulting from the sulfonation of 
equal proportions of benzene and commercial oleic acid. 

Tretolite Co.®*® breaks petroleum emulsions of the water-in-oil type by 
using as a demulsifying agent sulfoaryl esters of higher aliphatic or 
naphthenic acids, which may be modified by the addition of a double 
linking or an acylation of the hydroxyl group (0.2-0.005 per cent) . For 
example, the desired product is prepared by heating 490 parts of sodium 
sulfobenzylricinoleate with 148 parts of phthalic anhydride in xylene at 
120-130® C. 

A mixture of , sulfo-oleic acid, oleic acid and stearolactone is sug- 
gested as a demulsifying agent for breaking oil-in-water emulsions. For 
breaking a water- in-oil emulsion, sulfonation and condensation products 
from equal amounts of commercial benzene and commercial oleic acid 
are added to the emulsion.®*® 

De Groote recommends, as agents for breaking water-in-oil emul- 
sions, compounds having the general formula KTZSOsB^ where K is 
an aromatic residue from benzene, phenol, toluene, xylene, naphthalene, 
naphthol, methyl naphthalene, anthracene, or phenanthrene; T, hydrogen, 
chlorine, the hydroxyl group, etc.; Z, an acidic hydrogen equivalent, such 
as sodium, potassium, magnesium, nitrogen, or triethanol, and B' a 
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reactive hydroaroinatic residue, e.g., cyclohexanol, methylcyclobexanol, 
or a cyclohexene derivative. These agents are taken in ratios from 1:500 
to 1:30,000, preferably 1:10,000, if the temperature used is up to 93° C. 
A suitable agent may be prepared from 130 parts of naphthalene, 100 
parts of cyclohexanol, and 400 parts of sulfuric acid (66° B4), reacted 
and washed with 500 parts of water. The upper, oily layer, after separat- 
ing, is neutralized with strong ammonia water. A resolving agent is 
obtained from a sulfo-compound of a fatty acid treated with sodium 
hydroxide, potassium hydroxide or ammonium hydroxide,, or esterified, 
such as oleic acid or ricinoleic acid, obtained by treating these in an ether 
solution of chlorosulfonic acid. Diethyl sulfide, glycol, or butyric acid 
may be used instead of ether, and pyrosulfuric acid may' be substituted for 
chlorosulfonic acid. 

Tretolite Co.®®® breaks water-in-oil petroleum emulsions by using a 
substituted ester of the general type i2".C00(rS08^), in which B" is 
a fatty acid radical; T, an aliphatic residue; Z, an acidic hydrogen atom 
of the sulfonic acid or its equivalent, with (TSO3Z) replacing the car- 
boxylic hydrogen, such as a soluble ammonium salt of the hydroxyethane 
sulfo-ester of phthalylricinoleic acid. 

Herbsman treats water-in-oil emulsions with a mixture of a sul- 
fonated glyceride (50 per cent) and an alkaline-earth salt, such as 
magnesium chloride (up to 20 per cent) dissolved in a homolog of ben- 
zene, an alcohol, a phenol, or a hydrocarbon solvent (30-50 per cent). 

Limburg®*® breaks water-in-oil emulsions by the addition of an 
aqueous solution of a resinous condensation product from an aldol and 
an amide of a carboxylic acid, formaldehyde and a.sulfonated phenol 
oxymethylene, a polyhydric alcohol, an unsaturated fatty acid and an 
aromatic dibasic acid or a sulfonated anhydride, or by the addition of 
a phenol aldehyde compound and an aromatic sulfo- acid. 

Tretolite Co.®** recovers oil from petroleum emulsions by using a 
demulsifying agent derived from the chemical reaction of a hydrocarbon 
containing an abietine nucleus, such as abietine, an aldehyde, such as 
formaldehyde (40 per cent), and a sulfonating agent. 

Petroleum emulsions ®®® may be resolved by using as a demulsifier a 
sulfo- derivative of lauryl alcohol obtained by the action of sulfuric 
acid (66° B4) upon alcohol at 35° C. In another Tretolite Co. patent,®*® 
the emulsion is treated with a demulsifier containing a sulfonated hydro- 
carbon with twelve to twenty-four carbon atoms in the alcohol molecule, 
representing a sulfo-acid derivative or a sulfuric acid ester. Cetyl sulfonic 
acid is suitable. 

De Groote, Monson and Wirtel ®®‘ claim as a demulsifying agent one 
containing a substituted aromatic detergent-forming sulfonic compound 
of the type XFBSO3Z, in which X denotes a polycyclic aromatic nucleus; 
F, a detergent-forming organic residue; R, a residue of an alcohol con- 
taining less than twelve carbon atoms and substituted in the aromatic 
ring; and Z, a hydrogen ion equivalent. 
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Trctolite prepares a demulsifier from a mixture of 30 parts by 
weight of the sulfonated product of a polymerized terpenic hydrocarbon; 
60 parts by weight of pine oil and 10 parts by weight of neutralized sul- 
fonated castor oil. Tretolite Co.®®^ breaks petroleum emulsions of the 
water-in-oil type by subjecting them to the action of a demulsifying agent 
which is a reaction product derived from phthalic anhydride, glycerol, cas- 
tor oil and the like, or the sodium or ammonium salts of such products. 

As demulsifying agents are claimed: (1) the sulfonated condensation 
product of a hydroaromatic alcohol, such as cyclohexanol, with an aro- 
matic hydrocarbon, preferably polycyclic, e.g., CioHg; (2) a Cl-sulfonic 
acid produced by action of CISO3H and Et20 on oleic acid; ( 3 ) an 
alkylated arylsulfonic acid, ligninsulfonic acid, sulfonated fatty acids, 
higher alkyl sulfates, the N(C2H40H)3 salt of dioxalyltriricinoleine and 
( 4 ) sulfonic acid derivatives of ricinoleic acid, such as the ) 3 -sulfoethyl 
esters of ricinoleic acid, ricinoleyl phthalate, or its glyceryl esters.^®® 

Petroleum emulsions of the water-in-oil type are subjected to treat- 
ment with a demulsifying agent comprising a sodium salt of sulfo- 
succinic acid dihexyl ester, or various compounds of the general formula 
Z02.CCH(S03Z)CH2C02Z, in which Z represents an ionizable hydrogen 
atom, a metallic atom, an ammonium radical, or an organic radical 
obtained by dehydroxylation of an alcoholic hydroxyl-containing com- 
pound.®®® 

R 

Compounds of the structure where R is ah aliphatic residue 

having 11 to 22 carbon atoms and containing one aromatic sulfo-acid, 
such as the compound [Ci7H34(()H) (CoIIaNaSOn) |jCO, serve as demul- 
sifiers for petroleum emulsions. This compound is obtained by treating 
(Ci 7H33)2CO with sulfuric acid and further subjecting it to condensation 
with phenol sulfo-acid at about 30 - 35 ° (not above 40 °). Likewise, the 
condensation is assisted by the introduction of sulfur trioxide. The keto- 
sulfo-acid is soluble in water and neutralized thereafter with alkali or 
organic bases.®^® A substance comprising a sulfite addition product 
derived by reaction between a water-soluble sulfite, such as sodium acid 
sulfite, and an unsaturated reactive fatty material, such as linseed oil, 
serves as a demulsifier.®^® De Groote used a substance comprising 
wood sulfite liquor material and a sulfonic demulsifying substance, such 
as propylated naphthalene sulfonic acid, as a demulsifying agent. 

A process for breaking a petroleum emulsion of the water-in-oil type 
has been described as follows. The emulsion is subjected to the action 
of a demulsifying agent comprising a non-cyclic bisulfite addition prod- 
uct of a non-carboxy aldehyde obtained by thermal decomposition of an 
oxy-unsaturated fatty body. The demulsifier may comprise likewise the 
bisulfite addition product of a non-carboxy aldehyde obtained by thermal 
decomposition of ricinoleic acid. The demulsifying agent may be a hep- 
toic aldehyde addition product having a formula of the following type: 
CeHi8CH(0H)S03Na, or C6 Hi 3CH(0H)S03K, or C 6 Hi 3 CH( 0 H)S 08 
NH4.®^® 



314 


EMULSIONS AND FOAMS 


Many methods for dehydration with chemicals have been patented 
in which emulsions are heated with esters of naphthenic acid.®^'' Naph- 
thalene sulfo-ricinoleate, sulfo-oxyanthracene resinate^®® and the alka- 
line-earth salt of a sulfonated mineral oil®^®*’ have been used as 
demulsifiers. The emulsion may be treated with a sulfonated aromatic 
hydrocarbon compound, benzene, toluene, phenol, anthracene with an 
hydroxylated acid, hydroxylated resin, naphthenic acid, stearic acid, and 
a complex organic compoimd obtained by treatment of a hydroxylated 
fatty acid and a sulfonated aromatic hydrocarbon substance with a 
dehydrating agent. 

Tretolite Co.®^* treats petroleum emulsions with a mixture of a conden- 
sation product of a sulfonated aromatic compound, a soap-forming acid 
and another organic compound, which is obtained by sulfonation of a fatty 
acid and an aromatic compound in which the ratio of the aromatic mole- 
cules to the fatty acid molecules is larger than 1:1. The emulsion may 
be subjected to the action of a mixture of condensation products of a 
sulfonated aromatic hydroxypolycyclic compound (a or /3-naphthol 
dihydroxynaphthalene, hydroxyanthracene ®*®) . 

Walker®^* claims demulsification of water-in-oil emulsions or the 
prevention of their formation in petroleum refining by the addition of 
sulfonated polynuclear aromatic compounds and an aliphatic alcohol 
condensation product, such as diisopropylnaphthalene sulfonic acid. 

De Groote and Adams used condensation products for the destruc- 
tion of emulsions. These consist of two soap-forming radicals combined 
with a sulfonated polycyclic aromatic body. 

Resolution of emulsions ®®® may be effected by a demulsifier contain- 
ing naphthenic acids, its salts, or its esters having a molecular weight 
between 200-575 and an average molecular weight of 225, and distilling 
between 230 and 310°. In another patent Tretolite Co.®*^ uses as a demul- 
sifier a mixture consisting of (a) about 40 per cent water; (b) a water- 
soluble ammonium salt of a sulfo- compound of an alkylated naphthalene 
with at least three, and not more than five, carbon atoms; and (c) a 
naphthenic acid or its salts with a molecular weight between 200-575. 
The ratio of the mixture is: b:c = 1:3 or 3.1. A 20 per cent solution in 
benzene is formed. As an alternative ®®® for (c) of the above mixture, 
oleic acid alone, or saponified partially by alkali, ammonia, or trietha- 
nolamine, may also be used. Emulsion resolution ®®® occurs by treating 
with a demulsifier prepared from an ammonium salt of a butylated 
naphthalene sulfonic acid, and about the same amount of a petroleum 
sulfonic acid, soluble in oil and water, partially neutralized with ammo- 
nium hydroxide and diluted with kerosene. The demulsifier ®®® may con- 
sist of a mixture of not more than 40 per cent water and equal amounts 
of a dialkyl polysulfonate produced from gas tar and a naphthenic acid 
with a mean molecular weight of 225 and a boiling range between 
230-310°. 

Cyclohexyl-amino salts of alkylated naphthalene sulfonic acid, such 
as mono-, di-, or tri-isopropylnaphthalene sulfonic acid, the alkyl groups 
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of which contain 3-10 carbon atoms, may be used as demulsifiers for the 
resolution of petroleum emulsions. In the preparation of alkylated sul- 
fonic acids, naphthalene sulfonic acids are substituted for the correspond- 
ing alkyl sulfuric acids, such as methyl-, ethyl-, propyl-, isopropyl-, 
butyl-, amyl-, hexyl-, octyl-, and decyl-sulfuric acid in the presence of an 
excess of sulfuric acid.®*^® 

Another patent relates to the use of a demulsifying agent contain- 
ing a substance produced by sulfonating an alkali-soluble condensation 
material obtained by reaction between an alkylene oxide material such 
as ethylene oxide, etc., and a resinous material derived in part from a 
phenol such as a phenol aldehyde condensation product. Demulsification 
of water-in-oil emulsions may be effected by using as demulsifying agent 
an alkylated naphthalene sulfonic acid compound in the form of a sul- 
fonated amine salt. The substituted amine is of the kind obtained by 
reaction between an amine of the formula H^iXnN, in which m and n are 
each 1 or 2 and their sum is 3, and X is an alkyl, cyclohexyl or aralkyl 
residue, and a mono- or di-chlorhydrine derived from glycerol, a glycerol 
ether, a glycol, glycol ether or its equivalent, such as ethylene oxide, higher 
alkylene oxides, glycidol, or the like (the naphthalene nucleus being 
replaced by at least one alkyl group containing 3-10 carbon atoms). An 
especially suitable demulsifying agent is obtained by converting naph- 
thalene into its mono-sulfonic acid and isopropyl alcohol into the acid 
sulfate, combining these two products in the presence of sulfuric acid as 
a condensing agent, washing and separating the aqueous waste acid, 
neutralizing the sulfonic acid with l-cyclohexyl-amino-2, 3-propanediol, 
and adding a suitable solvent.®®^ 

Alkylated naphthalene sulfonic acids containing in their alkyl groups 

3- 10 carbon atoms and neutralized with substituted aliphatic amines with 

4- 8 carbon atoms may serve as demulsifiers. The substituted amines in 
their turn are obtained through conversion of the corresponding amines 
with chlorhydrine of ethers of polyvalent alcohols, such as glycol or 
glycerin.®®- In the process of breaking petroleum emulsions of the 
water-in-oil type, it is suggested using for dehydration a substituted 
cyclohexylamine salt of an alkylated naphthalene sulfonic acid in which 
at least one alkyl group substituted in the naphthalene nucleus contains 
3-10 carbon atoms, the substituent of the cyclohexylamine radical being 
a hydrocarbon radical. Especially suitable is the diethylcyclohexylamine 
salt of triisopropylated naphthalene (mono) sulfonic acid.®®® 

Alkyl-substituted naphthalene sulfonic acids, in the form of a poly- 
hydric alcohol-substituted phenyl alkylamine salt, are claimed as very 
effective demulsifying agents for the dehydration of petroleum emulsions. 
These substitution products are obtained by conversion of halide com- 
pounds of polyvalent alcohols with phenylalkylamines, for example, 
mono- or dichlorhydrine of glycerin or glycol with benzylamine, or 
glycidol, ethylene oxide or polyglycols or glycerins with benzylamine. 
The reaction between glycerol mono-chlorhydrine and benzylamine is 
given as illustration: 
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OHOHCl OHOHllr— CH,CJH, 

H— (i— (I j— i— H+C,H,CH.NH, — ► H— (!>-(!3— H 

i A A AAA 

Glycerol monochlorhydrine 1-Monohenzylamino 

propane-2 yS-diol 

Likewise the reaction between glycerol dichlorhydrine and benzylamine 
is as follows: 

CII2C.H5 HsCeHzC 

Cl OH Cl H— ij Ah n— h 

H— A— A— A— H+2C4I.CHtNH, — >- H— A A A— H 

AAA Benzylamine ^ i i 

Glycerol dichlorhydrine 1 yS-bishenzylamino-2-propanol^ 

Another compound for breaking petroleum emulsions is a demulsify- 
ing agent comprising an alkylamino propanol salt of an alkylated 
naphthalene sulfonic acid, in which at least one alkyl group substituted 
in the naphthalene nucleus contains not less than three nor more than 
ten carbon atoms, e.g., the amylamino propanol salt of a butylated naph- 
thalene monosulfonic acid.®®® 

Breaking of petroleum emulsions is carried out by using as demul- 
sifiers salts of alkylated naphthalene sulfonic acids, which contain as 
basic component condeftsation products obtained from aliphatic alcohols 
(mono- and polyvalent alcohols, glycidol) with primary or secondary 
amines, such as piperidine. Condensation products obtained by conver- 
sion of halogen hydrines with the amines are: 1-monoamylaminopropane- 
2-3-diol, 1-diamylamino propane-2-3-diol ; l,3-bisaraylamino-2-propanol; 
l,3-bisdiamyl-2-propanol. 

Similarly, alkylated naphthalene sulfonic acid, neutralized by 
oxyalkylalkylamine or oxyalkyldialkylamine obtained by conversion of 
glycol-chlorhydrine or ethylene oxide with 1 or 2 mols of alkylamine or 
dialkylamine may be used. The chlorhydrine of butylene-, propylene-, 
amylene-, hexylene-, heptylene-, nonamethylene-, decamethylene-, unde- 
camethylene-, tridecamethylene-, tetradecamethylene-, or octadeca- 
methylene-glycol may be used instead of glycolchlorhydrine.®®® 

The reagent to be used in breaking petroleum emulsions may consist 
of a sulfonated hydrocarbon obtained by reacting an aliphatic unsaturated 
hydrocarbon, containing at least 8 carbon atoms and having a double 
bond at the end of the chain, with a strong sulfonating agent. In general, 
the demulsifying agent comprises a chemical compound of the type 
formula: 

H H 

R — ^5 — ^ 
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in which R — C — C represents the aliphatic chain having at least 8 carbon 
atoms; X is an ionizable acid residue derived from acids such as phos- 
phoric, sulfuric, or boric, as well as halogen hydrides and water-soluble 
fatty acids, and Z, an ionizable hydrogen atom equivalent. The demul- 
sifier may be in the form of a water-soluble amine, such as alkylolamine, 
or a triethanolamine salt, comprising the type formula shown above. 

The dfemulsifying agent may consist of a chemical compound obtained 
by treating an aliphatic unsaturated hydrocarbon, containing at least 8 
carbon atoms (up to 30 carbon atoms) and having a double bond at the 
end of the carbon chain, with a strong sulfonating agent in such a manner 
that it takes up a sulfo- group, and treating the sulfonation product with 
a hydrolyzing agent. For example, 30 parts of a mixture consisting 
essentially of 1,2-hexadecylene or 1,2-octadecylene with 20 parts of 
chlorsulfonic acid are stirred vigorously and kept cold for 3 hours. The 
reaction liquid is treated with water, then neutralized with 20 per cent 
sodium hydroxide solution and 6 parts excess of sodium hydroxide added. 
The carbon tetrachloride is steam-distilled off and recovered, the residual 
liquid boiled 30 minutes and neutralized with 10 per cent sulfuric acid. 
An immiscible oil which forms in the mixture is separated and the aqueous 
solution evaporated to a thick reddish brown oil, soluble in water.®®^ 
Aromatic oxysulfonic acids, especially their amino salts, containing 
in the nucleus an aliphatic residue with 13-30 carbon atoms, e.g,, the 
cyclohexylamino salt of cetylphenol monosulfonic acid or the amylamino 
salt of cetylnaphthol sulfonic acid, may serve as demulsifiers for petro- 
leum emulsions. These compounds may be obtained by reacting waxes, 
wool wax, beeswax, carnauba wax, flax wax with phenol, cresol, naphthol, 
heating with zinc chloride, aluminum chloride, or the like, then sulfonat- 
ing and neutralizing the product.®®^ 

The treating or demulsifying agent to be used in a process for break- 
ing petroleum emulsions may comprise an alkylated naphthalene sulfonic 
acid in the form of a polyamine salt, in which at least one alkyl group 
substituted in the naphthalene nucleus contains 3-10 carbon atoms, and 
the neutralizing salt-forming amine is characterized by the type formula: 
NH 2 .C 2 H 4 (Ci.H 4 NH)xNH 2 , where x is a whole number less than 20. 
The tetraethylene pentamine salt of propylatcd naphthalene monosul- 
fonic acid admixed with a suitable solvent is especially applicable. Like- 
wise, an alkylated naphthalene sulfonic acid in the form of a polyamine 
salt, in which at least one alkyl group substituted in the naphthalene 
nucleus contains 3-10 carbon atoms and is neutralized by an amine of the 
type formula (C 2 H 4 NH)a;.C 2 H 4 NH (where x is a whole number greater 
than one and less than 20) may be used as a demulsifying agent. The 
triethylenetriamine salt of propylated naphthalene monosulfonic acid 
admixed with a suitable solvent is especially recommended.'^®^ 

Resolution of petroleum emulsions may be obtained by using as 
demulsifiers products obtained by strong sulfonation of olefins with more 
than 8 carbon atoms, especially 1,2-olefins, such as 1,2-hexadecylene or 
1,2-octadecylene. A sulfonation agent is considered to act more strongly 
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than concentrated sulfuric acid, and the products obtained may be esteri- 
fied with triethanolamine or may be neutralized with inorganic or organic 
bases. On the other hand, oxybenzene sulfo-acids with acyl residues 
having 8-40 carbon atoms in the benzene ring may be utilized as demulsi- 
fying agents. The products are obtained by condensation of spermaceti 
oil with phenol in the presence of zinc chloride at about 185°, followed 
by sulfurization of the cetyl phenol mixture with a small amount of 
palmityl phenol. If carnauba wax is substituted for spermaceti oil, aryl- 
phenol is obtained by condensation with palmityl phenol, and the mix- 
ture may be separated by vacuum distillation. The acids obtained may 
be further esterified or neutralized with triethanolamine. Furthermore, 
the use of sulfonation products of phosphatidene, such as lecithin, which 
have been neutralized, has been suggested. The sulfonation is carried 
out in a solution of tri- or per-chlorethylene at about 1-10°.®®® 

The demulsifying agent proposed for use in breaking petroleum emul- 
sions may consist of a sulfonic acid derivative of an acylated aromatic 
compound of the kind in which the acyl group has at least 8 and not 
more than 40 carbon atoms. Such materials are prepared preferably by 
sulfonation of an acylated aromatic body. In general, the demulsifier com- 
prises a chemical compound of the type formula: [OH.T(D) ].(S 04 Z), 
in which T is a monocyclic aromatic residue and D, a ricinoleyl radical 
nuclearly substituted; and T and Z represent an ionizable hydrogen atom 
equivalent or an organic radical, a triethanolamine radical, an alkylol- 
amine radical, a substituted ammonium radical, or a metallic atom 
equivalent.®®® 

A process for breaking petroleum emulsions involves subjecting the 
emulsion to the action of a demulsifier comprising a sulfonation product 
derived from a phosphatide, a vegetable lecithin,, a soybean lecithin in 
the form of an ester, an acid, a salt, an amino salt, a water-soluble 
amine, or a triethanolamine salt.®®^ 

Tretolite Co.(de Groote®®'^*) effects resolution of petroleum emulsions 
with compounds obtained by esterification of polyvalent alcohols contain- 
ing sulfo- groups with polyvalent carboxylic acids, as well as with car- 
boxylic acids containing monovalent oxy- groups. The products obtained 
are used especially in the form of their amino salts. Suitable products are 
also obtained by conversion of: (1) one mol of anhydrous glycerin sulfo- 
acid triamylamine with one mol of acid buty Iphthalate ; (2) two mols of 
acid amy Iphthalate; (3) one mol of sodium isoathionate with one mol of 
phthalic anhydride followed by esterification with one mol of castor oil, 
mono-olein, mono-abietine, stearyl alcohol, fatty acid amide, or oxyethyl- 
toluenesulfonamide; (4) by condensation of anhydrous sodium glycerin 
sulfonate with sodium isoathionate and esterification as in example 3, or 
with oleic acid, naphthenic acid, abietinic acid, or acetic acid; (5) by 
conversion of the sulfo-acids from mineral oil refining, the so-called 
‘^green acids’’ or “mahogany acids,” with phosphorus pentachloride to 
sulfo-chlorides and esterification with glycerin, so that in the molecule 
two OH groups remain free, whereby further esterification is carried out 
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as before; and (6) similar esterification for monobutyl-^-naphthalene 
sulfonic acid chloride. Diglycerin may be used instead of glycerin, maleic 
acid or its anhydride for phthalic acid, and di- or trihydrine for mono- 
hydrine. 

Products obtained by the esterification of oxy-fatty acids or their 
glycerides with polybasic carboxylic acids, followed by neutralization of 
the acid esters with amines which are substituted at the nitrogen atom 
by oxy- groups carrying alkyl radicals, may be used as demulsifiers. 

De Groote also patented as demulsifying agents those substances pro- 
duced by esterification of an alkylol aromatic sulfonamide with a poly- 
basic carboxylic acid compound, e,g., phthalic anhydride, oxalic acid, or 
maleic anhydride. In the preparation of this demulsifier, for example, 
215 parts of n-monooxyethyl-p-toluenesulfonamide or 260 parts of n-di- 
p-toluenesulfonamide are reacted at 200° with 148 parts of phthalic 
anhydride. Oxalic or maleic anhydride, instead of phthalic anhydride, 
may be used for the conversion, whereby the reaction temperature may 
be reduced to 140° or 108°. Xylenesulfonamide, naphthalenesulfonamide, 
or amylnaphthalenesulfonamide are formed in a similar manner 

A propylated butylated cyclohexylamino salt of naphthalene sulfonic 
acid, or any other suitable cyclohexylamine salt of a polyalkylated naph- 
thalene sulfonic acid containing at least two different alkyl groups, each 
of which has 3-10 carbon atoms, may serve as a demulsifying agent for 
petroleum emulsions. Likewise, the cyclohexylamine salt of an alkylated 
naphthalene monosulfonic acid in which at least one alkyl group contains 
3-10 carbon atoms, such as a butylated or an amylated compound, may 
be used.®*^®® 

Wayne resolved petroleum emulsions by subjecting them to the 
action of demulsifiers consisting of amino or imino derivatives of nuclear- 
substituted aromatic sulfo- compounds. These emulsifiers were prepared 
by condensing aromatic sulfonic acids replaced in the nuclei by one or* 
more residues from aldehydes, ketones, alcohols, or fatty acids with aro- 
matic amines. It was found that amino or imino groups attached them- 
selves directly to the benzene nucleus. The demulsifying action of these 
agents is attributed to the formation of colloids by the condensation of 
aromatic sulfonic acids with aromatic amines. The new treating agent is 
appreciably soluble in the water, as well as in the oil phase. Therefore 
penetration into the water/oil boundary is made possible. 

Petroleum sulfonic acids and their alkyl-substituted derivatives are 
also considered suitable for the resolution of emulsions. Highly colloidal 
condensation products of dialkylnaphthalene disulfonic acid, aniline, 
toluidine, or diphenylamine have also been proposed.®^® 

A demulsifying agent ®‘*® of the general formula: Z.NCeHs.X, in which 
Z represents any aliphatic hydrocarbon radical having 8-26 carbon atoms 
and Xf a non-surface-active negative radical or component, such as cetyl 
or octadecyl pyridinium bromide, may be used for breaking petroleum 
emulsions. Cetyl pyridine bromide is obtained by heating 31 parts of 
cetyl bromide with 8 parts of pyridine at 140-150° until a sample 
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solidifies on cooling. Likewise, another patent recommends using as 
emulsifier the sulfocarboxylic amide compound of the general formula: 

Y 

R — CO — which R — CO represents the acyl radical of a 

carboxylic detergent-forming acid (abietinic or naphthenic acid) ; F, a 
hydrogen or an alkyl radical; 22', alkyls; T, the SO3 or OSO3 group; and 
Zy an acidic hydrogen or its equivalent, such as the sulfonation product 
of oleic acid ethyl anilide. 

Condensation products of cyclic sulfonic acids with alkyl-, aralkyl-, 
or cycloalkyl amines may serve as demulsifiers. The cyclic sulfonic acids 
are obtained by sulfonation of naphthalene, anthracene, and their hydro- 
genation, chlorination, or alkylation products, e,g., by means of chlor- 
sulfonic acid. Likewise, sulfurization products of the corresponding 
oxy- compounds or of pyridine or quinoline may serve as initial substances 
for condensation. Among the amines especially suitable are those with 
three or more carbon atoms. With regard to the aralkyl amines, the 
amino group should be present in the alkyl side chain. It is stated that 
condensation products are more active than the alkali salts of the corre- 
sponding sulfonic acids.®^^ 

A demulsifying agent for petroleum emulsions may be prepared by 
mixing sulfuric acid with glacial acetic acid, sulfonating unsaturated 
hydrocarbon polymers extracted from cracked petroleum distillates with 
the mixed acids, and neutralizing the resulting product.^^®® 

Blown Oils 

Fuchs separates water-in-oil emulsions by adding to them a 
saponified blown oil dissolved in ethyl alcohol and diluted with water. 
Tretolite Co.®®® claims the formation of a demulsifying agent by the super- 
oxidation of blown castor oil at 200® in the presence of air, oxidation being 
continued until a product of semi-livery consistency is obtained. 

Another Tretolite Co.®®^ patent refers to a demulsifying agent con- 
sisting of an anhydrous mixture, oil-soluble at least in high concentrations, 
comprising blown oil compounds such as those obtained from castor oil 
(16-50 per cent), one or more acid salts of a sulfo- fatty acid, such as 
an acid sodium salt from sulfonated castor oil (2-15 per cent), an 
unsaponified sulfur-free fatty acid derived from the sulfonation of a 
material such as castor oil, followed by hydrolytic decomposition, with 
the splitting off of sulfuric acid (20-60 per cent) , and an aliphatic mono- 
hydric alcohol, such as isopropyl alcohol (2-25 per cent). 

Petroleum emulsions may be resolved by means of an unsaponified 
demulsifying agent containing an aldehyde carboxylic acid residue. Like- 
wise, an unsaponified blown fatty oil, such as castor, corn, or rape oil, 
may be used. The petroleum emulsion may also be treated with the 
reaction product of a blown fatty oil and an aldehyde reactive reagent, 
such as that produced from ammonia gas and blown castor oil.®® 

Water-in-oil emulsions may be broken by applying chemical treat- 
ment, using a demulsifier such as is obtained by the esterification of free 
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hydroxyl groups of castor oil with oxalic acid, or their alkyl or halogen 
substitution products. For example, 100 parts of castor oil are heated 
to 110® with 28.5 parts of water containing oxalic acid, passing carbon 
dioxide through the mixture until di- and tri-esters are formed, and then 
treating at 145® until no free oxalic acid is present and the product has 
a molecular weight of about 1850.°®® 

The treating agent used in breaking petroleum emulsions may consist 
of a blown (oxidized) oil which has been saturated by the action of a 
labile additive reagent, followed by a reaction in which the latter is 
removed in such a manner as to leave the product completely or almost 
completely saturated. For example, a blown castor oil derivative having 
an iodine number of less than 20 is derived from castor oil which has 
been treated by a sulfuric acid compound capable of entering into addi- 
tion reactions; with subsequent removal of the sulfuric acid compound, 
the derivative may be mixed with a suitable solvent.®"^ 

Demulsification of water-in-oil emulsions may be effected by using as 
demulsifiers oxidation products of castor oil obtained by oxidation at 
125-165® under a pressure up to 70 atmospheres. These oxidation prod- 
ucts are diluted with an equal amount of kerosene and a weak organic 
base, such as triethanolamine, enough of the latter being used to neutral- 
ize the acids formed by oxidation. °'^® 

A mixture composed of 15-20 per cent of the oxidation product of 
castor oil, 2-15 per cent of neutral or acid salts of sulfo- fatty acids, 20-60 
per cent of fatty acids, such as are obtained by the sulfurization of fatty 
acids followed by the splitting off of sulfuric acid, and 5-25 per cent of an 
aliphatic alcohol with more than 3 carbon atoms (also kerosene), may 
serve as a demulsifier in breaking water-in-oil emulsions. 

Salts of estolides obtained from blown or dried oils or fish oils, 
together with organic amines, arc also suitable demulsifiers. In the 
preparation of estolides, the blown oils are saponified by heating in the 
presence of a small amount of sulfuric acid, separating the acid and the 
glycerin, and further heating the product to about 115® for many hours, 
during which time an inert gas or air is introduced. Triethanolamine, 
monocthanolaminc, amylamine, bcnzylamine, an l piperidine are suitable 
amines. Likewise, blown oils, such as castor oil, dried oils, or fish oils 
with a low iodine number (below 20), may serve as demulsifiers. The 
oils may be freed from unsaturated bonds by treatment with non-acid 
agents, such as chlorine, bromine, or phosphorus, also by adding sulfur 
or bromine, and boiling in a reflux condenser. Estolides, obtained from 
blown oils, may be substituted for the latter. The estolides from blown 
or dried oils or fish oils may also be treated wdth ammonia under pres- 
sure (10 atmospheres) at about 180-200®. The products so obtained 
differ from ammonium salts of acids serving as a base because they also 
contain nitrogen in the amine-, imin-aldehyde ammonia-, or ketoammonia 
bond.®^® 

A process for breaking petroleum emulsions has been proposed by 
Colbcth ®®® in which the emulsion is treated with an unoxidized, polymer- 
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ized fatty oil, such as castor, rape, or corn oil. As a specific example for 
carrying out the demulsification may be cited the use of castor oil treated 
with about 1-10 per cent by weight of a boron compound, such as borax, 
boric acid, or boric anhydride, at a temperature of about 200^ for 
approximately 30 minutes, or until foaming ceases. If boron trichloride 
or trifluoride is used, the oil must not be heated; bubbling the trichloride 
or trifluoride through the oil effects polymerization. 

Polymerized, but not oxidized, fatty oils, such as castor oil, rape oil, 
etc., may be used as demulsifiers for breaking petroleum emulsions. In 
polymerizing, the oil is heated to about 195-425® for a short period of 
time so that splitting of the glycerin does not take place ; it is then blown 
with air at about 250-375® for 4-10 hours, or polymerized with catalysts 
such as aluminum chloride, ferric chloride, zinc chloride, or especially 
with boron compounds such as boron chloride, boron fluoride, boric acid, 
or borax at about 200° for a short time (30 minutes) , or until the initial 
foaming stops.^®* 

Petroleum emulsions, such as bottom settlings, may be separated by 
subjecting them to the action of a blown fatty oil, ?.e., blown castor oil 
which has been made to react with an esterifying agent. The esterifi- 
cation of the acid groups in blown oils may occur through compounds 
such as MeOH which replace hydroxyl or carboxyl groups. Likewise, 
phosphorus pentachloride, sulfuryl chloride, thionyl chloride, propanol, 
butanol, glycol, mannite, or sorbite may also be used. To effect separa- 
tion of the emulsion, it is allowed to stand ; an upper layer of oil and a 
lower layer of water and foreign matter are formed, the latter being 
withdrawn.^®** 

Castor oil, rape oil, cottonseed oil, linseed oil, soybean oil, corn oil, 
chinawood oil, or fish oil, subjected to a stepwise oxidation at 160® for 
bleaching and then at 140® until large amounts of aldehyde acids are 
formed so that the oils become non-saponifiable, may be used as demul- 
sifiers. 

Distillation Products (Acid and Alkali Sludge, Cracked Residue, Paraffin 

Wax) 

Kuezynski patented a method for the separation of emulsions 
involving the addition of small amounts of substances formed by the 
distillation of bitumen compounds, e.g,, phenol-containing tars, tar ingre- 
dients boiling above 150®, such as phenols, cresols, xylenols, aniline, and 
their homologs which, at the same time, may serve to prevent the forma- 
tion of stable emulsions. For example, 100 kg of crude-oil emulsion con- 
taining natural salt with about 25 per cent of a bitumen were allowed to 
stand with 5 kg of coal tar at room temperature for 24 hours; complete 
separation of water took place. 

Edmed and Newington separated oil from emulsions, such as resi- 
dues from fuel oil storage tanks, by the addition of tar or creosote or 
their fractions, or of phenols or cresols or their homologs, using air or 
mechanical agitation and gravity stratification. The water drained off 
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was passed through coke breeze or other filtering material. The whole 
process is expedited by heating the substances. 

Erlich recommends the utilization of alkaline kerosene sludge in 
the demulsification of Grozny lubricating-type crude oil. Before distilla- 
tion in a pipe still, the oil receives a preliminary treatment with 3-3.5® Be 
sodium hydroxide and an admixture of about 10 per cent of alkaline 
kerosene sludge. The ceresin emulsions derived from the Grozny-Tuapse 
pipe line are readily decomposed by heating with steam in the presence 
of 5 per cent of sodium chloride. 

Pester treats emulsions with 0.25 to 5.00 per cent of resin acid 
obtained by refining mineral oil with fuming or concentrated sulfuric 
acid. The mixture is heated to 77®. 

According to Fisher and Reddish,^®® sodium salts of mineral oil sludge 
of sulfo- acids, alcohol, and a bituminous substance melting at 35-95® 
form a homogeneous reaction mass. When this is stirred with an emul- 
sion and warmed, demulsification is effected. 

Demulsifiers may be prepared from acid sludge obtained in the treat- 
ment of white oils. Acid sludge from the third to the seventh-eighth 
treatment of white oils with oleum is washed with small quantities of 
water to remove the sulfuric acid and neutralized with a solution of 
sodium hydroxide also added in portions and with steady agitation. To 
improve the demulsifier, any kind of petroleum product, such as kero- 
sene, gas oil, etc., may be added at temperatures of 50-90®. The oil 
extracts the tars in a very thorough manner. The efiiciency of this 
demulsifier is claimed to be the same as that of naphthenic acid, and 
provides a saving of about 10 per cent of the treated oil.'^'^^ 

The General Petroleum Corporation^"^® separated acid sludge by 
hydrolysis. First^ a stream of emulsion was allowed to flow through a 
mass of inert granular material to bring the dispersed particles into con- 
tact with it, and the diluted acid was drawn off. The acid sludge was 
then mixed with dilute sulfuric acid, the density of which is greater than 
that of the sludge. The Standard Oil Development Co.**®® separated 
emulsions, consisting of hydrocarbons and water, by the addition of J to 
i per cent of acid sludge. Mineral and lubricating oils are also treated 
with fuming sulfuric acid or sulfur trioxide. 

A reagent consisting of a layer of mineral oil sludge, aluminum sul- 
fate and sodium hydroxide may be used in breaking petroleum oil emul- 
sions.-"^^ 

Another reagent for breaking petroleum emulsions of the water- 
in-oil type consists of approximate molecular proportions of naphthalene, 
the middle distillate of pintsch gas-tar having a boiling point of 85- 
120® F, and a cycloolefin having not less than 7 and not more than 17 
carbon atoms in the ring, treated with an excess of strong sulfuric acid, 
washed with water, and neutralized \vith strong ammonia. 

The use of soaps for breaking emulsions apparently is not favorable. 
Acids are sometimes likely to cause considerable trouble. A sodiiun 
carbonate solution of 44® Be or stronger is excellent for breaking an 
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emulsion. Another method is the addition of sufficient sodium carbon- 
ate until the emulsion becomes alkaline, followed by heating with steam 
and blowing air through it until separation occurs. In breaking acid- 
treated emulsions, it has been suggested that the sodium carbonate neces- 
sary to neutralize each batch be determined by titration, using a sodium 
carbonate of the same strength as will be used in plant neutralization. 
The sample is shaken with a mixture of 50/50 benzene-alcohol prior to 
titration, thus breaking any acid emulsion which may have been formed. 

Hendrey and Ebaugh claim that emulsions of the water-in-oil type 
are resolved by maintaining them at a temperature of 180-200^ F in the 
presence of a small quantity of aqueous alkali solution and still bottoms 
from the vacuum distillation of lubricating oils. 

Roberts breaks petroleum emulsions by treatment with a halogen- 
ated, hydroxy-aldo or keto derivative of a petroleum hydrocarbon. This 
reagent is obtained from Pennsylvania petroleum distillate (b.p. 250- 
325° C d2® = 0.8125) (U. S. P. 1,681,237), and is a mixture containing less 
than 70 per cent of aldo-fatty acids and less than 30 per cent of alde- 
hydes and unaltered hydrocarbons. The acids obtained on distillation 
are chlorinated. 

Curtin breaks petroleum emulsions containing at least 5 per cent of 
asphaltic bodies by mixing them under pressure with low-temperature 
petroleum having a tar content of 0.5-4.0 per cent by volume. 

A dehydrating method for petroleum emulsions has been patented by 
the Texas Company.®®® The emulsions of crude oil or fuel oil are broken 
by treating them with 0.1-1. 0 per cent of still bottoms from the vacuum 
distillation of oil. These still bottoms are neutralized with sodium 
hydroxide, if not already alkaline; and they contain undistilled heavy oil 
within the lubricating oil range and alkaline salts of naphthenic acids of 
a high molecular weight. The treatment takes place at 82-93° ; it con- 
sists in circulating the hot emulsion through a pipe system into which the 
hot dcmulsifying agent is introduced on the suction side of the pump. 

Petroleum emulsions of the water-in-oil type may be dehydrated by 
adding to them 0.1 per cent of the ammonium salt of oxidized paraffins 
and heating for 12 hours up to 70°. Oxidized paraffins are obtained by 
passing air at 150° through the paraffins, to which has been added one 
per cent of magnesium resinate; this results in the formation of up to 
65 per cent of saponifiable substances.^® 

For demulsification of petroleum emulsions, the use of a fraction con- 
sisting mainly of the acidic products from the oxidation of petroleum 
hydrocarbons at 155° in the presence of manganese oleate is claimed. 
The fraction containing ketonic compounds or the products of sulfonation 
thereof may also be employed.® 

Separation of emulsified oils is effected by treatment with a spent 
sodium hydroxide solution, previously used in oil refining operations for 
washing hydrocarbon oil or oil refinery gases, and heating at 65°, or until 
stratification occurs. Likewise, a spent alkali solution derived from the 
neutralization of sour oils may be used.^®® 
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Mushkin suggested using a heated layer of water for demulsifying 
petroleum products. A crude-oil emulsion containing 30 per cent of water 
was broken in 5-6 days by heating a layer of water in the bottom of the 
storage tank to 65®. An oil with 0.3-0.8 per cent water content resulted. 
About 50 per cent of fuel was saved in comparison with the usual method. 
Baku crude-oil emulsions are completely broken after treatment with 
4.0 per cent of cracked residues at 65-80® for 12-36 hours. The heating 
temperature depends on the initial boiling point of the crude oil and 
should not be higher than this temperature.^'^’^ 

A process for breaking emulsions from Kala crude oil, applied on a 
commercial scale, consists in treating the latter (containing up to 6.2 per 
cent water) with cracked residues at 65-80®. About 87 per cent of the 
water was separated in 12 hours and all of it in 24 hours, whereas at 
40® up to 96 per cent of the water was separated after settling for 36 
hours. On treatment with cracked residues, complete separation followed 
in 60 hours.^^® 

Robinson developed a dehydration process involving the addition 
of a hydrocarbon such as naphthalene, acenaphthene, phenanthrene, or 
paraffin wax, which also serve to resolve emulsions containing tar oil. 
Naphthalene, which is soluble in either the tar or the oil, has a melting 
point below 100®. Robinson states that a large proportion of the phase 
containing the tar-oil agglomerates, together with the hydrocarbon, forms 
a thick mass, and that most of the aqueous phase separates from this mass. 
Preferably, the hydrocarbon should be added to the emulsion and dis- 
solved in it by heating until a uniform consistency is obtained. The 
resulting mixture is cooled rapidly by stirring to effect separation of the 
hydrocarbon in a finely divided, crystalline form. It has been claimed 
that this method is particularly suitable for resolving heterogeneous 
emulsions such as are found in tar and gas works, water-gas tar or other 
tars blended with emulsions containing creosote or similar oils. 

To increase the production of oil is a problem in itself. In order to raise the 
production of declining wells, they are treated in succession with acid, oil, and alkali, 
which diffuse under pressure, forming concentric rings. These rings become smaller 
and smaller until a chemical reaction between acid and alkali takes place, heat and 
gases are set free, and the production of oil is increased.®* 

De Groote (Tretolite Co.“^) increased the productivity of petroleum wells by lubri- 
cating the drill with an emulsion of dilute acid in oil, using a mixture of hydrochloric 
acid and nitric acid in a ratio of 5:1 to 3:1 calculated with respect to the unchanged 
acids. For example, in the preparation of the emulsion, 400 gallons of oil and 100 
gallons of dilute acid, containing at least 15 per cent of concentrated acid, are used. 
To remove cement seals in drill holes and thereby increase the production of oil, 
these are treated with acetic or propionic, b\ityric or formic acids (about 30 per 
cent), whereby the cement is decomposed after a few hours, the acid neutralized, 
and the cement sludge washed out from the drill holes.®‘® 

The Gulf Research and Development Co. (Ayres*®") prevent access of water to 
drill holes by injecting carbon dioxide under pressure, which reacts with the lime 
and water present in the formation, forming soluble bicarbonate. The remainder 
of the carbon dioxide is released; thus the bicarbonate decomposes and clogs the 
pores of the formation. If the formation contains too little lime, a solution of cal- 
cium acid carbonate is added to the drill holes. When a formation contains too 
much chloride, an ammonia solution is pumped into the drill holes after the carbon 
dioxide has been released, in order to precipitate the soluble calcium salts. 
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Halliburton Oil Well Cementing Co. (Clason***) proposes acid treatment of oil 
wells having several oil-producing formations. After the lowest oil-bearing forma- 
tion is treated with acid (hydrochloric) in the usual manner, a soap solution is 
pumped into the well; this likewise penetrates only to the lowest formation where 
it enters into reaction with calcium chloride solution (formed from calcareous rock 
and hydrochloric acid), forming a temporary insoluble compound and rendering the 
layer impervious to water. After the well is filled with calcium chloride solution 
up to the hei^t of the next oil-bearing formation, this also is treated with acid. 
After the liquid has been removed from the well, the penetrating crude oil dissolves 
the soap so that the pores in the lowest formation are open again. 

The Dow Chemical Co. (Grebe “’•) introduces a granular, electrically conducting 
substance, such as coke, into which is ii^rted an electrically conducting tube of 
copper connected by an insulated cable with the negative pole as a source of direct 
current. The positive pole of the source of current is grounded. Finally, a heavy 
metal salt solution which serves as an electrolyte is introduced into the well under 
pressure, and the metal is precipitated in the water-bearing stratum by electrolysis. 
The densitv of the current must be 160-1500 amperes per square meter of the forma- 
tion in order to make it impervious to water, and the voltage is 25-200. Suitable 
electrolytes may consist of a mixture of 350 g of FeS04(NH4)8S04.H«0, 025 g of 
HsS 04 and 0J5 g of glue per liter, or 200 g of CuS04.5Ha0 and 50 g of H*S04 per liter. 

Tretolite Co.®” describes a process for breaking water-in-oil emulsions in which the 
solutions in a well are subjected, before emerging from the well head, to the action 
of a demulsifiei, such as calcium carbonate, magnesium carbonate, barium sulfate, 
and others, together with the sodium salt of monopropylated naphthalene sulfonic 
acid. 

As a preventive measure for emulsion formation in oil wells, making the water- 
bearing strata impervious has been suggested. For this purpose, a soap solution 
which penetrates into both the petroleum and water-bearing strata is introduced 
into the well. Due to the presence of soluble inorganic salts, such as sodium chloride, 
calcium chloride and magnesium chloride, a precipitate is formed in the water- 
bearing strata by the reaction between these salts and the soap solution; this 
precipitate clogs the pores of this formation, but does not affect the petroleum- 
bearing formation.”' 

A water-in-oil emulsion containing two distinct phases, one an acid solution, such 
as hydrochloric acid, the other a fluoride solution, such as calcium fluoride, is intro- 
duced into a well without affecting its metal parts ; subsequently the phases react 
to form hydrogen fluoride on demulsification of the emulsion. This method serves 
to increase the productivity of oil, gas, water, or brine.^ 

The underground treatment of emulsified petroleum is carried out by feeding a 
flowing stream of water into the well and injecting into the stream a water-insoluble 
treating agent of the modified fatty acid type, such as sulfonated castor oil or the 
like, conveyed in the form of unemulsified macroscopic droplets to the producing 
zone of the well, where it serves to effect demulsification.®” 

Sometimes the production of oil and gas wells drops or stops entirely after a 
short production period. This is due to the fact that paraffin wax, asphalt-containing 
substances, inorganic salts, and similar substances are precipitated in the form of 
films or coatings on the channels or pores of the strata. These are removed by 
forcing through the layer a 0.5-6.0 per cent mixture of oil and water containing two 
wetting agents, one, petroleum sulfonate or an ammonium salt of sulfonated 
oleic acid, the carboxyl group of which is esterified by methanol, ethanol, propanol, or 
butanol, dissolved in crude oil. gasoline, etc.; the other, e.g., ammonium amylamine-, 
benzylamine-, butylamine, or the toluidin salt of propyl- or butyl-/9-naphthalene 
sulfonic acid in a 0.5-5.0 per cent aqueous solution, followed by treatment with 
hydrogen chloride or hydrogen fluoride. 

It has also been proposed to force through the formation an acid-in-oil emul- 
sion which demulsifies only after a long time. This emulsion is prepared according 
to deGroote (U. S. P. 1,9^,154, Aug. 15, 1933) using, however, one 'and one-half to 
two times the amount of emulsifier required; the emulsion is soon broken by the 
action of capillarv forces. After 2-12 hmirs, a '^dormant” demulsifier is added, 
such as phenol, cresol. naphthol, tar acid fractions, aliphatic acids of acetic to lauric 
acid, hydrochloride, solutions of starch, gelatin, casein, resins, phenol-, cresol-, xylene-, 
naphthalene-, ethylnaphthalene-, tetralin-, hexanolsulfonic acid, or cresol-, toluene 
disulfonic acid. The process for increasing the output of oil wells consists in introduo- 
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ing into the well a relatively stable emulsion of an aqueous hydrochloric acid 
solution of about 15 per cent strength and adding one per cent of nitric acid 
cinulsihcd in an oil vehicle in such a manner that the acid-in*oil emulsion passes the 
metal parts of the well without having any deleterious effect on them, and there- 
after reacts with the capillary, oil-pr(^ucing, calcareous strata. The emulsion to 
be applied for treatment may be prepared by using, in addition to the above 
demulsifier, 0.1-0.5 per cent of a foaming agent, such as pine oil, mixed with 15 
per cent of hydrochloric acid. By introducing air, natural gas, or carbon dioxide, 
the mixture is converted into a foaming mass with possible small bubbles, to 
which is added, with stirring of the crude oil, the naturally occurring emulsifier.^ 
The production of oil wells may be increased by removing precipitates of organic 
compounds from the petroleum-bearing formation by means of a suitable liquid, 
such as a dilute aqueous solution of a capillary-active substance which does not 
affect the formation. For example, a sulfonic acid obtained from the refining of 
mineral oil with sulfuric acid, or the ^Ifonation product of fatty oils, unsaturated 
hydrocarbons, alcohols, naphthenic acids, oxidized paraffins, or the salts of these 
substances, is such a liquid. According to Dutch Patent No. 43,894, mineral oils 
from oil-containing sands should be treated with aqueous solutions of capillary- 
active substances. Acid esters obtained by the action of polybasic inorganic acids, 
especially sulfuric acid, upon saturated or unsaturated alcohols, unsaturated 
aliphatic hydrocarbons, or the salts of these substances, are recommended.** 

Freezing and Diluting Methods 

Water may be separated from oil present in an oil-in- water emulsion 
by freezing. When water changes into ice, it expands and this expansion 
breaks the oil envelope. This oil envelope is not rigid, but more or less 
elastic. Thus several alternate thawings and freezings are necessary to 
effect complete separation. If the temperature is lowered sufficiently to 
convert the oil into a solid, the rupture of the envelope is complete, and 
separation of the oil from the water takes place on thawing. The solidi- 
fying temperature is frequently very low, but can easily be attained by 
the use of liquid air. This method of dehydration does not find applica- 
tion on a large scale. Very few patents are concerned with freezing-out 
processes. 

Freezing is an excellent method, but it has doubtful value in the 
refinery. The breaking of an emulsion by freezing may be explained by 
the withdrawal, as the result of the formation of ice, of free and/or com- 
bined water from the films between droplets which are in contact, or by 
an increase in the concentration of the solute, followed by true contact 
between adjacent films of the emulsifier, with loss of the orienting influ- 
ence of water. The emulsifier in the film diffuses from these regions and 
the film area decreases, with the result that the droplets coalesce as soon 
as thawing of the ice permits them to change shape. This explanation is 
given for the phenomenon of breaking emulsions by freezing by Rochow 
and Mason,^^® who observed microscopically emulsions prepared from 
carbon tetrachloride, benzene (d = l) and water, with and without an 
emulsifier (sodium or ammonium ethyl oleate), when subjected to freez- 
ing and subsequent thawing. In studying the breaking of emulsions by 
freezing, Rochow and Mason state that microscopic observations verify 
the existence of a plastic membrane surrounding each globule, and con- 
sider that the destruction of the membrane, rather than mere freezing 
of the continuous phase, is essential to coalescence of the globules. 
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The usual demulsifying methods, such as thermal treating, centrifug- 
ing, etc., are not suitable for separating oil from alkali naphthene-con- 
taining residues from mineral-oil refining. However, good results were 
obtained^®® by freezing at —15® to —21® the residual water from 
machine oil refining which contained about 5.5 per cent of naphthenic 
acids and over 92 per cent of mineral oil in the organic phase, and thaw- 
ing by heating to 50-60®. 

Repeated freezing, with the addition of sulfonic acids or. alkali resi- 
dues from the refining of illuminating oil as demulsifiers, is recommended. 
Reuss^^^ described a method for dehydrating tars. Tars containing 
water are permitted to freeze and then to melt. Tar and water are sepa- 
rated sharply. The same principle was applied by the experimenter to 
the dehydration of other emulsions. 

Egloff and Benner dehydrated emulsified oil in a still by subjecting 
it to a temperature below the freezing point of water and passing a 
refrigerating medium through a coil within the still. This causes the 
water and oil to stratify, and the separated water is withdrawn from the 
still. Heated gas is then passed through the coil within the still, the 
temperature of the oil being raised to the cracking point and the crack- 
ing effected under superatmosphcric pressure. 

Dilution may react unfavorably if it increases stability and resists 
agglomeration. A gelatinous emulsion that slowly yields some of its 
oil as a continuous phase by agglomeration and subsidence docs not 
produce this effect after dilution. Whether or not dilution causes a 
separation of oil from an emulsion depends on the influence of dilution 
upon other variables of the emulsion system, such as the concentration 
of the emulsifier, alkali, and protective colloid in the emulsion. 

Desalting Process 

It is known that emulsoids can be precipitated by means of electrolytes 
and that a much greater quantity of the latter is required than in the 
case of suspensoids. This effect of electrolytes — ‘'saiting-out^^ — differs 
from flocculation. Ammonium sulfate, magnesium sulfate and sodium 
sulfate are considered most suitable for salting out emulsoids. These salts 
are very soluble and may be used in comparatively high concentrations. 
Solubility of the salt used for the purpose of salting out is not the only 
determining factor, since magnesium sulfate, which is less soluble than 
magnesium chloride, may be used to salt out agar-agar, whereas the 
chloride is not suitable even in high concentration. Salting out is 
naturally related to the nature of the cation (lithium, sodium, potassium, 
rubidium, cesium, magnesium, calcium, strontium, barium) and of the 
anion (sulfate, chloride, bromide, nitrate, iodide, sulfo cyanide). 

In the lyotropic series, the influence exerted by the ions is apparently 
such that those at one end favor association, while those at the other 
end promote dissociation. In the lyotropic series, when the electrolytes 
are used in equal molecular concentration, the precipitation power 



PRACTICAL KNOWLEDGE OF EMULSIONS 


329 


decreases from left to right. According to Kruyt,*^^ salting out consists 
in a discharge followed by dehydration. Salting out is obviously related 
to the ability of ions to take up water, and the electrolytes acting on the 
emulsoids withdraw water from the sol. However, the removal of water 
is brought about in the order of the lyotropic series, the small initial 
amount of the added electrolyte performing the capillary electrical task. 

Certain crude oils as recovered from wells contain a large amount of 
salts or brines which, if not removed before refining, clog and corrode the 
refinery equipment. The refineries of continental Europe use hygro- 
scopic salts for the desiccation of petroleum, f.c., calcium chloride and 
magnesium chloride in the fused form in solid blocks of about 8-10 
hundredweight. In preparing the brine, the salts are dissolved, preferably 
in ordinary spring water. Usually the circulating brine is controlled by 
an aerometer to maintain the right density, which is kept higher than 
theoretically necessary in order to compensate for unforeseen losses in 
the piping system, etc.®°^ 

Oils are desalted and demulsified by treatment in the continuous 
phase with a mixture of sodium hydroxide and a soluble alkali acetate 
with ethyl alcohol and glycerin. An after-treatment with an acid car- 
bonate solution may be desirable. The preferred composition of the 
reagent is sodium hydroxide 25 per cent, sodium acetate 10 per cent, 
ethyl alcohol 20 per cent, glycerin 10 per cent, and water up to 35-45 
per cent. 

Even a small proportion of salt in an oil, as shown by the following 
approximate calculation, may be significant to a refiner. A crude oil 
containing one-half per cent of oil-field brine of average salinity (sp. 
gr. about 1.12) may contain as much as one-third of a pound of salt 
per barrel of oil, but all this salt is in solution in a small percentage 
of water. A refinery handling about 6000 barrels per day of such crude 
oil would take about one ton of salt into the system every 24 hours. 

Usually brines contain an appreciable percentage of calcium and 
magnesium chlorides. These salts are hydrolyzed by tiie water in the 
crude oil during distillation, thereby liberating into the refinery system 
highly corrosive hydrochloric acid. When hydrogen sulfide in addition to 
hydrochloric acid is present in the fractionating equipment, the corro- 
sion becomes exceptionally severe. Corrosion may be accounted for 
by the reaction between iron sulfide and hydrochloric acid, resulting in 
the formation of ferrous chloride, which in turn is oxidized to ferric 
oxide by moisture or other sources of oxygen. Corrosion is limited only 
by the amount of oxygen available, either as water vapor or air, or in 
the constituents of the oil. Desalting eliminates corrosion, reduces costs 
of neutralization, and eliminates the necessity of using expensive acid- 
resisting alloy metals. If the oil is treated as it is lifted, the emulsion 
can be reduced fairly easily. In some fields in Kansas there are emulsions 
which are particularly hard to break, especially when the oil has been 
standing in stock tanks for a considerable time. The Skelly Oil Company 
has designed an efl5cient treating plant which reduces the free water in 
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the oil to less than 1/10 of one per cent, and the saline content from 16,400 
grains per barrel to about 8 grains per barrel. This plant consists of 
three vertical columns, each of which includes an oil and a gas separator 
in the top section. The lower part of the column contains a prede- 
termined amount of water through which the oil must pass. During the 
passage of the oil the temperature is raised to the most efficient treating 
point. Special chemicals are used as treating compounds. The treater 
is operated at a temperature and rate suitable for the particular emulsion.^ 

Herschman patented the desalting of crude oils and the breaking 
of crude oil emulsions by treating them with a mixture of bleaching 
powder and at least one of the following compounds: sodium perborate 
or peroxide or hydrogen peroxide. In another patent, Herschman 
proposes a method for desalting and demulsifying oils which involves 
mixing the oils in continuous phase with a desalting and demulsifying 
reagent consisting of caustic soda approximately 25 per cent, sodium 
acetate about 10 per cent, alcohol about 20 per cent, glycerin about 10 
per cent and water about 35-45 per cent. Desalting has also been success- 
ful when applied to Michigan crude petroleum. The major portion of 
the salt content is removed by treating with about one per cent of an 
alkaline solution of sodium acetate and adding to the partially desalted 
crude oil a bicarbonate solution at about 130° F under pressure. 

South Electra Texas crude contains on an average about two per 
cent of salt water, which is detrimental to the life of the still bottom, 
causing it to blister. The deposits of sand and salt also accelerate the 
formation of coke. The Dale Oil and Refining Company has installed a 
flash tower, which acts as a sand and salt accumulation drum, and has 
placed it in the line between an economizer and the first shell still to 
receive the oil at an average temperature of 290° F. Up to the flash tower 
the oil is carried at 45 pounds pressure, maintaining practically all the 
water as liquid carrying the salt in solution. The flash tower removes the 
water and a part of the light vapors in the oil, at the same time serving 
as a drum which receives the sand and salt released into it. There is 
a by-pass line around the tower allowing it to be cut out of service when 
the accumulation has been built high in the base of the tower. It is 
claimed that as much as 15 tons of salt and sand can be removed from 
the primary flash tower in one week, depending upon the condition of the 
charging stock. 

A method frequently used in reducing crude to a salt-free state is to 
heat the charge by passing it through various types of heat exchangers. 
Heating the charge to higher temperatures by placing steam coils in the 
crude settling tanks has been suggested. Many plants have clover-leaf 
coils inserted in the fractionating column, usually in' the top section, as 
well as in the kerosene section. This type of processing secures heating 
the charge and controlling the tower temperature. The Leonard Refin- 
eries, Inc. at Alma, Michigan*, have built a plant to reduce the volume 

*The Leonard Refineries now use electric desalters at Alma, Michigan. 
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Fig. 26a. Heat Exchangers, Leonard Refineries, Inc., at Alma, Michigan, 
to Heat Crude Charge Entering Salt Settling Drum. 


of salt of a crude carrying varying quantities of salt averaging from about 
220 to about eight pounds per thousand barrels of crude charged to the 
plant. The crude is passed through several heat exchangers in an amount 
small enough to prevent deposits from forming in the furnace tubes, 
and corrosion of the condensing equipment on side streams removed from 
the fractionating column. 

The crude passes from the top clover-leaf coil to the one placed in 
the top midsection to adsorb heat from the tower temperature (150° F). 
While it is flowing through piping to the base of the tower where a bank 
of exchangers is installed, the temperature is raised to about 210° F. 
Three rows of tubes in the convection section of the furnace preheat the 



Fig. 26b. Tank Used at Leonard Ri fineries, Inc., at Alma, Michigan, 
to Remove Salt from Cnidc Charge. 
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oil to about 250° F before it flows to the s^lt settling drum. Pressure 
maintained upon the charge while in the drum averages between 50 and 
60 pounds. From the drum the charge enters the furnace the second time 
'(Refiner and Natural Gasoline Manufacturer, IS, 582, Dec., 1936). 

The oil from wells in the Crystal Field, central Michigan, has an 
exceptionally high gravity, running from 44-48° A.P.I. The temperature 
required for efiicient separation if wooden tanks are used is 135-150° F. 
In 1936 the Pure Oil Company installed a wooden “gun-barrel” tank 
and a double Dutch oven beater in several Michigan fields Tor separat- 
ing salt water from oil. In order to obtain the proper heating tempera- 
ture, one-half of the fuel previously used in the Michigan fields exclu- 
sively for steel tankage was required. All the salt water is disposed of 
either by pumping or forcing it under separator pressure into the under- 
ground stratum of a glacial drift. 


t 



Fio. 27. Petroleum Rectifying Co.’s Desalting Unit in Refinery of Lion Oil 
Refining Co. at El Dorado, Arkansas. 


An electrical process for removing harmful and corrosive salts from 
pipe-line oil, so as to reduce corrosion in refinery equipment and improve 
the quality of refined products, has been proposed by Eddy (Petroleum 
Rectifying Co.®*'') . 

The Petreco electric desalting plant is an integral part of the refinery 
system. Four thousand five hundred barrels of crude oil may be desalted 
per day, about 95 per cent of the salt being removed. In the refinery ojf 
the Lion Oil Refining Co.*®* (Fig. 27) a Petreco Electromatic desalting 
plant has been installed by the Petroleum Rectifying Co. It consists of a 
desalting unit for processing a heavy Arkansas crude oil containing as 
much as 180 g of salt per barrel, an amount sufficient not only to cause 
corrosion of the equipment, but to deposit crude salt in the exchangers 
and other parts of the installation. This crude is difficult to break 
because the emulsified brine is surrounded with a tough film of asphaltic 
oil. Because of the large amount of oil processed daily (4000 barrels), 
two units, each containing two treating containers and operated parallel to 
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the other, were installed. Each pair of containers (10 by 12 ft), of stand- 
ard A.P.I construction, is equipped with heat exchangers, weight-loaded 
valve, flowmeter, orifices and back-pressure regulators. The oil contain- 
ing the emulsified brine is pumped to the units from the plant working 
tanks through the desalting heat exchangers. The desalted oil flows 
through the heat exchangers counter-current to the fresh charge, to a 
point in the system where hot water is injected into the stream. 

The back-pressure regulator is located on the dry oil discharge line 
from the units and serves to maintain the desired pressure in the treaters. 
The water is delivered from the boiler feed pumps with a volume of 
about 20 per cent of the oil at a temperature of 170° F. When the oil 
first contacts the water it has a temperature of about 140° F. The oil 
and water form an emulsion which is directed into the treating units for 
the removal of water. A predetermined level of water is maintained in 
each container and the emulsion is introduced above that point; the 
minute droplets of water coming into contact with the electrical field 
coalesce into larger droplets which separate readily from the oil; water 
falls to the bottom of the tank and the oil rises to the outlet. The saline 
content of the oil has been reduced to as low as three grams per barrel 
on the outlet of the treating units. The cost is not excessive. The 
Petreco desalting process is considered to be a commercially feasible 
method bv which the salt content of large volumes of oil can be reduced. 
Other salt removal processes leave a relatively high percentage of the 
salt in the oil. 

The Lion Oil Refining Co. desalt their corrosive crude in an electrical 
unit, reducing the salt content from 100 to 4 g per barrel. Tests indicate 
that corrosion is reduced to a minimum because the evolution of hydro- 
chloric acid is decreased from 63.85 to 0.54 lbs per 1000 barrels of crude 
at 650° F. The salt-bearing crude is emulsified with 5-20 per cent of 
fresh water and then passed to a low-pressure (25 lbs) dehydrator tank 
(180 barrels capacity) equipped with electrodes. The electric field 
imposed has an average gradient of 10,000 volts per inch. Operating 
temperatures may vary from 130-200° F. Salt water is thrown out of 
the oil and removed. The process is continuous and the average through- 
put per day per unit is 1500 barrels.^ 

The Barnsdall Refining Co. (Wichita, Kansas) processes crude 
collected from various fields with an average gravity of 39° A.P.I In 
addition to the Dubbs cracking unit, the refinery also has a desalting 
unit. The crude oil charged to the pipe stills in this plant contains a 
varying quantity of salts, principally sodium chloride.* The total volume 
of salts varies from 10-118 pounds per 1000 barrels of crude. When 
running crude of this type, mechanical stoppage of tubes in the pipe still 
and corrosion throughout the plant may be anticipated. To eliminate 
salt coming in with the crude, three units of Petroleum Rectifying Co. 
apparatus were installed. The capacity of the three units is 5500 barrels 

Analysis of certain crude coming into the plant showed: calcium chloride 
28 lbs, magnesium chloride 3 lbs, ferric chloride 11 lbs, and sodium chloride 66 lbs. 
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of crude daily. The fluid temperature varies from 125 to 150^' F. A 
mixture of three parts of crude and one part of hot water is admitted 
through an emulsifying valve into electric treaters where water is sepa- 
rated from the oil. Within the units is placed an electric field with a 
potential of 33,000 volts. Two units of concentric rings are within the 
containers, each connected to a transformer mounted upon the top .of the 
container through an entrance bushing. The emulsified oil is introduced 
into the container so that it is distributed into the electric field. Allinson ® 
describes electric desalting of crude, oil by subjecting the emulsion to a 
strong electric field. 

Egloff, Nelson, Maxutov and Wirth studied the effect of tempera- 
ture and pressure on desalting of a Mid-Continent topped crude. They 
found that the salt content was decreased by increasing the temperature 
or the percentage of water added. Optimum conditions established were 
10 per cent of water and 400® F. The pressure should be sufficient to 
keep the water in liquid form (about 300 lbs per sq in at 400° F) . Agita- 
tion sufficient to bring about an intimate contact between water and salt 
particles was recommended. The amount of salt water withdrawn 
increases with increase in settling time, while the concentration of salt 
in it reaches a maximum and then falls off. It has been thought that 
the water globules carrying the higher salt content coalesce more rapidly 
than those of lower salt content. At low settling temperatures, the 
percentage of water in the treated oil decreases more rapidly than the 
percentage of salt because the unaffected films of asphaltic and paraf- 
finic substances stabilize the salt particles. At higher temperatures, 
the reverse is true because such films are absent. 

Filtration as a Means of Dehydrating Oils and Emulsions 

Among physical methods used for dehydration, those involving 
filtration and ultrafiltration assist and supplement other general methods 
used in the resolution of emulsions. Thus the filtration method has pos- 
sibilities, especially when combined with othei processes. The adsorp- 
tion method is usually applicable on a small scale, or at a time when 
expense and material as well as the slowness of the dehydration process 
may be disregarded. 

Between the adsorbed substance and the adsorbent there exist certain 
physical and chemical forces of attraction. The former exert action 
upon the whole surface, and this action is unlimited and quite strong. 
The latter are forces of ''affinity,^' and are therefore specific with a 
limited sphere of action regulated by atomic distances. In the case of 
emulsions, the cause of adhesion of oil to an adsorbent like carbon is an 
attraction having a larger sphere of action (a molecular attraction) than 
that corresponding to the chemical attraction, but weaker in intensity 
than that of the physical nature. A stick of pure, electrolyte-free carbon 
placed in a Santa Maria crude-oil emulsion shows a decided attraction 
for the oil in a diluted water-in-oil emulsion. Around the carbon stick 
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a kind of gelatinization is observed (S. Berkman) . Sludging of emulsions 
or formation of a pseudo-gel so often found in crude oils on standing are 
based on the approaching and reciprocal binding of hydrated particles 
exerted by forces of molecular attraction between the hydrated particles. 
In general, gelatinization is influenced by certain factors, such as increase 
in temperature, change in concentration, presence of by-products, etc. 

In emulsions, strong forces of attraction toward the oil are not always 
exerted by different adsorbents; usually the emulsion is passed through 
an adsorbent body consisting of capillaries, either by means of a pump, 
an elevated tank, or other suitable pressure-developing devices on the 
inlet side, or by a vacuum pump, syphon, or other devices for obtaining, 
on the outlet side, pressures lower than atmospheric. An increase in the 
temperature of an emulsion subjected to treatment before forcing it 
under pressure through the capillaries minimizes the tendency to re-emul- 
sification. Actually, the method of filtering emulsions is not comparable 
to a filtering operation. In a filtration process the purpose is to remove 
a solid substance from a liquid so that one substance passes on, leaving 
the other behind, deposited on the filter. In the method applied for the 
dehydration of emulsions the primary object is to separate two liquid 
phases, both of them passing together through the porous or capillary 
medium, which acts neither as a filter nor as a strainer, but as a device 
for breaking and coalescing the globular particles of an emulsion. 

According to Dyer and Heise,^^^ particles in highly concentrated 
emulsions assume a polyhedral shape. When these polyhedral particles 
are forced into a capillary passage they are subjected to the action of 
unsymmetrical forces by friction, impact, capillary action or other causes, 
accompanied by destruction of their envelopes. The result is the same 
as in the case of freely suspended spherical droplets. Oil and water 
flow through small openings with different degrees of freedom, depending 
upon whether the effect is caused by capillary action, frictional resistance 
due to the viscosity of the components themselves, or other reasons. It 
is further assumed that, as a consequence of forcing a mixture of oil 
and water through very small openings, the two components move at 
different velocities, so that certain portions of the stream become rich 
in water and others rich in oil. This tendency facilitates the separation 
of the two liquids after the rupture of the surrounding envelopes takes 
place. This kind of filtration requires a multiplicity of capillary passages 
in the capillary medium. Therefore, a closely woven cloth, or any other 
kind of material of a porous character such as a mass of finely divided 
mineral matter, may serve satisfactorily as a body having openings of 
a capillary character. Regarding the relationship between the chemi- 
cal composition of the material and its adsorbent abilities, no general 
statement has been made. Substances giving the same analytical figures 
often behave very differently, and those of dissimilar chemical composi- 
tion sometimes act as effectively as demulsifying agents. The essential 
feature of all effective adsorption agents lies in the characteristics of 
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their surface. The physical conditions under which the adsorbing sur- 
face exercises its specific action, of course, should not be overlooked. 

Gilpin and Schneeberger,'®^ on passing California crude oil through 
fuller's earth, found little fractionating effect at 20®, but they obtained 
satisfactory results at 70®. Dunstan'“® made a peculiar observation, 
namely, that cold bauxite which has been ignited and cooled in a vacuum 
desiccator loses its power of adsorbing sulfur derivatives from kerosene. 
When freshly heated up to 200®, it regains its activity. The degree of 
fineness of the adsorbent is important. He proved that the' activity is 
approximately proportional to the mesh size: 


Uauxite Mesh Activity 

40/60 1.0 

00/80 1.7 

Hatschek**^ proposed filtering oil-in-water emulsions through cal- 
cium carbonate to remove oil globules from water. The oil is retained 
and water passes through not because of the size of the pores, but because 
calcium carbonate is more readily wetted by water than by oil. Hatschek 
also filtered emulsions of the reverse type, like crude petroleum, using 
a medium more readily wetted by oil than by water, such as pulverized 
vulcanized rubber and iron sulfide, which permit the oil to pass through, 
retaining the water. It has been found that this method is not readily 
adapted to crude petroleum emulsions, for the globules retained do not 
coalesce except by contact; simple subsidence was found to work even 
better. The Cottrell “wetted septum” is a device used in an electric 
dehydrator for dehydration of crude petroleum emulsions and involves 
a principle contrary to that of Hatschek’s filter. Cottrell®* used a 
cellular medium (canvas) which was more readily wetted by water than 
by oil. In this case the continuous oil phase passed through because of 
the large size of the pores. The dispersed water also passed through 
but, due to the contact with the canvas, a certain amount of coalescence 
occurred. The only objection to the use of this material is that the larger 
globules coalesce while the smaller globules form viscous clumps which 
soon close the pores of the canvas ; in a carbonate filter, in some cases, a 
continuous impervious layer forms, resulting in the appearance of cracks 
in the device. 

Stein, ■‘®® discussing the filtration action of filter cloth with respect to 
emulsions, pointed out that stable emulsions are difficult to filter through 
fine-mesh tissues, whereas coarsely dispersed emulsions disintegrate 
readily by filtration. Garrison and van Loenen^^® break petroleum 
emulsions by passing them through a porous mass of comminuted 
aluminum oxide so that the dispersed phase of the emulsion is agglom- 
erated. Welsch*®® breaks emulsions or oils containing wash waters by 
first passing them through a tower filled with substances having an oily 
surface and then washing with a light oil. In another patent Welsch,**® 
in order to separate oil from the emulsion, leads it first through a layer 
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of pumice, the oil droplets agglomerating and rising upward through 
narrow channels. Light oil serves to extract the last traces of oil from 
the water. 

Eddy^^^ dehydrated petroleum emulsions by forcing the emulsion 
and a gas, such as natural gas, through a filtering material, e.g,, broken 
glass or iron filings, under pressure to alter the surface tension of the 
emulsion, and then subjected it to the action of a high-potential electric 
field. Manley and Knoss^^® stated that a mixture of a filter aid, e.g., 
fuller^s earth or clay and the emulsion may be dehydrated by heating to 
160-200° F and subjecting to a thickening operation. A partial separation 
of the emulsion is effected and the concentrated suspension is filtered to 
separate the filter aid from the liquid. The filter aid is re-used. 

Joel 258 claims that oil-in-water emulsions can be separated when 
wood pulp is mixed with dry oil of the same kind as that present in 
the emulsion. The mixture is permitted to flow into the filter apparatus 
under low pressure and in a rapid stream, a layer of wood pulp being 
formed on the filter of the apparatus and the emulsion forced through 
it. Dittersdorf breaks oil or tar emulsions in water by mixing them 
with sharp-edged particles, such as sand and fragments of glass. The 
mixing may also be effected in a warm filter chamber filled with other 
sharp-edged substances. Trumble passes oil-water emulsions through 
porous diaphragms of progressively increasing area in order to increase 
progressively the time of separation. Dyer and Heise conducted 
emulsified oils through infusorial earth under pressure. McKenzie 
filtered emulsions through Celite, using a very fine infusorial earth in the 
form of a filter cake in the filter press. When California crude oil is 
filtered, such a filter press, with a filtration surface of about 600 square 
feet, may deliver on an average of 1500 gallons of oil. Gurwitsch^^® 
indicates the disadvantage of using quartz, which is wetted by water, 
and pyrite, which is wetted by oil, for dehydration purposes because their 
surface becomes saturated by either water or oil, and the unchanged 
emulsion passes through. Conw'^ay forces the crude oil through a 
series of small holes in the bottom of a large container containing hot 
water. Fleeger and Osborn succeeded in effecting dehydration by 
conducting the emulsion under pressure through a series of specially con- 
structed filters. Shaw and Beale patented a filtration apparatus for 
separating oil from water. 

Insofar as the efficiency of a filtering method is based not on the size 
of the pores but merely on the contact of a single layer of canvas, the 
latter must be replaced by a thick bed of coarse, granular material. A 
column of granulated, vulcanized, cellular filter material, which retains 
its physical form when soaked in water, has been tried. The disadvan- 
tage of the non-porous vulcanized fiber is that the contact surface is not 
sufficiently large in comparison with that of other adsorbents, such as 
fuller^s earth. The method is, therefore, particularly suitable for emul- 
sions which do not contain foreign matter. For emulsions containing 
foreign matter, Hatschek proposed the ultrafiltration process, namely. 
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the passage of a liquid through a medium whose pores are small enough 
to retain suspended colloidal particles. 

Hatschek proposed the idea that membranes used for the separa- 
tion of colloids are also suitable for ultrafiltration of oil-in-water emul- 
sions. By using 6.0 per cent collodion filters Hatschek was able to filter 
emulsions, applying 4 atmospheres of pressure; a temperature of about 
appears to be most favorable. Bechold indicates the size of pores 
in ultrafilters used for this purpose. Two different methods for the deter- 
mination of sizes give the following values: 21 or 50-74 /i/i; therefore it 
is natural that oil particles of a diameter six to twenty times these sizes 
should be completely retained by this kind of filtration. 

The adsorptive action of many substances has found practical appli- 
cation. Fuller’s earth acts as a dialyzing septum permitting paraffins and 
saturated hydrocarbons to pass through freely, and adsorbing bitumens, 
womatic hydrocarbons, sulfur and nitrogeneous compounds; the surface 
is said to be the determining factor.*** Similar viewpoints on this sub- 
ject have been expressed by Gurwitsch,^®® who ascribes the filtering 
action not to capillary attraction, but to a definite surface which has 
been exposed to adsorption. He proved that Floridin adsorbed solid 
paraffin from a solution containing petroleum spirit and benzene, but not 
from a lubricating oil. An interesting method for dehydration by adsorp- 
tion is given by Riitgerswerke A.-G.*^* This method is based partially on 
the formation of a reverse type of an emulsion and partially on adsorp- 
tion, the latter taking place by the addition of brown coal ash, coal ash, 
blood charcoal, wood charcoal, bone ash, bog iron ore, iron oxide, clay 
saturated with lime, kieselguhr, slate, burned kaolin and barium sulfate. 
It is said that not all finely divided substances cause resolution of an 
emulsion, but rather those which act as weak alkalies, such as coal ash. 
In the dehydration of tar, Riitgerswerke succeeded in decreasing the per- 
centage of the water content to a considerable extent. The water content 
of 1000 kg of crude material containing 75 per cent of water was reduced 
to 4 per cent by the addition of 200 kg of coal ash. 

Cottrell*®^* described a method of electric filtration of materials 
encountered in dehydrating petroleum emulsions. The mixture of a 
liquid, such as oil, and suspended material is treated so that a stream of 
the material moves in a given direction; an electric field is set up to 
move the suspended material in the opposite direction; by this means 
the latter velocity is greater than that of the composite stream and the 
suspended material is collected. 

Electric Dehydration 

During the past thirty years various processes for applying alternating 
current have proved to be quite successful in the dehydration of crude 
petroleum. Many theories have been offered as an explanation for the 
electrical precipitation of water. 

When emulsions are subjected to the action of an electric field, its 
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action depends upon whether the oil side of the interfaces of the dispersed 
aqueous particles is stabilized chiefly by ions or chiefly by polar mole- 
cules, for adsorbed ions will respond directly and immediately to the 
applied field and will be set in motion at velocities and in directions 
dependent upon the relative strengths and distribution of the ionic and 
applied electric fields. Polar molecules, on the other hand, will not 
respond to the action of the applied electric field other than to orient 
slightly in the direction of the lines of force of the external field. 

Ionic adsorption is essentially a dynamic and reversible phenomenon. 
As the interface ages, more and more polar molecules adsorb at the 
interface, displacing some of the ions formerly there. Here they persist 
tenaciously and more or less irreversibly because, unlike the ions, they 
are electrically neutral. The slowly increasing concentration of polar 
molecules at the interface results in a slowly decreasing net external 
electric charge, which will be reflected in a slowly decreasing cataphoretic 
mobility. 

With regard to the water-in-oil emulsion type, one conventional 
method of separating the phases is to subject the emulsion to the action 
of a high-potential electric field, usually of alternating character. In 
such a field the dispersed globules are coalesced into droplets of sufficient 
size to gravitate from the oil. However, the viscosity of the oil forming 
the continuous phase may retard this coalescence. The emulsion globules 
must therefore be suspended in a less viscous medium. 

In the oil-in-water type of emulsion, the external phase may be 
formed of a body of conducting liquid, such as water. Electrical treat- 
ment of such an emulsion may be impossible in view of the fact that the 
water phase bridges the electrodes and in effect short circuits the elec- 
trodes sufliciently to prevent a building up of the potential difference 
requisite to electrical treatment. The action of an electric field is readily 
seen in a micro-moving picture film. The resolution of an emulsion also 
can be seen under a microscope. 

Laird and Raney patented a process for breaking emulsions by 
passing them upward between electrodes brought intermittently to a high 
potential difference, causing the conducting particles to coalesce in chains. 
When the potential is removed, these chains break up into globules of 
free water. Muth has observed the formation of chains when an 
emulsion was subjected to an electric field. 

Kuezynski studied the behavior of emulsions in an alternating elec- 
tric field and found that the droplets became deformed and formed chains 
parallel to the lines of force of the electric field. In water-in-oil emul- 
sions, coagulation occurs when the globules of a chain make contact. In 
consequence, the chains conduct the current and show characteristic 
mutual repulsion. In emulsions of the oil-in-water type, the chains do 
not coagulate. Kuezynski observed also that two or three droplets may 
form chains at an equal distance to the lines of force of the electric field, 
these chains lasting for a certain time, or until convection currents 
destroy them. A high-tension field produces longer and more stable 
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chains; in this case the convection current is unable to break them. 
Sudden discontinuance of the current causes the emulsion to spread and 
to reach a homogeneous concentration. Kuezynski calls the chains con- 
ducting the current ^^conducting chains” or “detective chains.” Chain 
formation, while occurring under certain conditions of static observations, 
does not usually occur in practice when the fluid is in motion ; it is not a 
factor aiding electrical dehydration but, on the contrary, hinders the 
process, and is avoided whenever possible. 

It has been proved also by Kuezynski 2 ®® that the emulsion has vari- 
ous dielectric constants depending on the nature of the disperse phase. 
The electric energy applied to the emulsion is expended not only in polar- 
izing the dielectric, but also for mechanical work, i.e., the deformation of 
droplets and changes in concentration. Kuezynski proved mathemati- 
cally that if the emulsion droplets were small in comparison with the 
condenser, then the dielectric constant was independent of the size of the 
suspended particles, being a function of their total volume. 

When an emulsion is subjected to the action of a non-uniform electric 
field, local changes in concentration occur, because of the movement of 
water particles from zones of low field intensity to zones of high field 
intensity, thereby decreasing the total internal energy of the system and 
tending to make the electric field more uniform. Coagulation phenomena 
occurring in an emulsion placed in the field of an alternating potential 
were photographed by W. 0. and H. C. Eddy.^-® In these photographs 
the droplets of an emulsion formed radial chains up to a certain time. 
This, in all probability, was because a radial field was employed. The 
investigators assumed that these arcs were pictures of lines of forces 
occurring in the electric field, and that especially favorable conditions 
for coagulation may be afforded by subjecting the emulsion to a non- 
uniform electric field, although complete coagulation also occurs in uni- 
form fields. Pawlikowski^s experiments regarding emulsions of sul- 
furic acid in kerosene, carried out with a high-tension alternating poten- 
tial, proved that droplets of sulfuric acid (having a high dielectric con- 
stant) are drawn toward the place of the greatest concentration of lines 
of force in the electric field and then coagulated. Pawlikowski tried to 
work out a definite control of the electrical method of resolution of emul- 
sions by means of an electric field, so that the conditions chosen would 
not result in greater dispersion or atomization, instead of coalescing small 
droplets into larger ones. He postulated the existence of an “optimum 
voltage” for the resolution of an emulsion, emphasizing the fact that 
excessive potentials would cause a secondary atomization of the already 
coagulated conducting liquid. Experiments proved that by exceeding the 
“voltage limit” an emulsion was formed, and that a slow decrease of the 
voltage reversed the emulsion to the original state. The potential gra- 
dient in the field, rather than the total potential difference between the 
electrodes, is an important factor in electrical dehydration. Hence the 
potential to be applied depends upon the potential gradient desired and 
the distance between the electrodes. 
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Pawlikowski proved also the dependence of the coagulation process 
upon the degree of dispersion. Electric dispersion on the other hand, 
among other factors, was found to be a function of the interfacial tension, 
magnitude of the potential gradient, of the distribution and the potential 
of the electric field.-®® Thus, as pointed out, the action of electrostatic 
forces causing the agglomeration and subsequent subsidence of the dis- 
perse phase in an emulsion depends upon the potentials and the dielectric 
constants of the components of the system, and likewise upon the non- 
uniformity of the electric field. 

Pawlikowski carried out experiments in order to find the optimum 
conditions for the deformation of the electric field. He assumed that 
introduction of crevices or drilling small holes of different diameters into 
the electrodes may assist in the coagulation process. All processes occur- 
ring with plain electrodes were the same as with perforated electrodes; 
but, considering the electrodes as condenser linings, an increase in the 
capacity takes place only in the case of perforated electrodes. Because 
of this, the suspended globules of the disperse phase are sucked into the 
perforations and there they extend into a film covering the perforated 
part of the electrode. This phenomenon depends upon the spacing 
between perforations, the interfacial tension of the suspended liquid in 
comparison to the liquid in which it is suspended, the potential between 
the electrodes and their distance apart. 

It was ascertained that use of a fine wire gauze for an electrode, with 
proportionally small apertures, instead of a perforated sheet metal, gave 
results similar to those obtained by using electrodes from solid sheet 
metal having the same dimensions, the voltage being 10,000 volts and the 
spacing of electrodes equal to 10 mm. The area of perforations, their 
spacing, their distance apart, and the total ratio of the metallic area to 
the area of perforations are factors to be considered. The agglomeration 
of the suspended particles takes place in the form of chains or streamers 
extending from one electrode to the other; simultaneous formation of an 
excessive number of those chains, causing a temporary short circuit 
accompanied by a waste of energy, should be prevented. 

The inner electrode is often rotated with reference to the outer. The 
settling of water globules was improved by constructing the electrodes in 
a conical shape; thus the water particles had a short distance to travel 
in their descent before coming into contact with the wetted septum sur- 
rounding the outer electrode.®® The septum used most effectively adsorbs 
them, offering the collected water a continuous channel downward through 
the oil. 

The pioneer in electrical treatment of oil-field emulsions was Cot- 
rell.®® Electric processes for dehydration have been operated either with 
alternating or direct current. The two processes, while often confused, 
are entirely distinct. One involves cataphoretic separation, accompanied 
by coalescence, of the emulsified water droplets under the directional 
influence of a direct-current field, whereas the other involves coalescence, 
accompanied by accelerated gravity separation, without cataphoretic 
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motion, under the electrostatic inductive influence of an alternating- 
current field. It is thus seen that the fundamental phenomena upon 
which the processes are based are entirely different. In the case of direct 
current, as claimed in the patent of Seibert and Brady the process 
depends upon cataphoresis, or electrical migration. Sherrick and Jones, 
studying cataphoresis of colloids, based it on the migration of colloidal 
particles when subjected to unidirectional electrical stress. Application 
of an external electric field causes motion of the suspended particles, 
because charges of one sign are ‘^bound” to the particle, while those of 
the opposite sign are ^^free” in the continuous phase. 

The electrical process with direct current consists in passing the emul- 
sion between electrodes connected to a source of a direct current having 
a potential of 250-260 volts. The current varies from 3-5 amperes. Some 
electrolysis doubtless takes place, since the electrodes are about half an 
inch apart, so that at times considerable current passes. 

In the case of demulsification of water-in-oil emulsions with an alter- 
nating current, there is no steady migration toward either electrode. The 
field is continually reversing. The only tendency left for the irregularly 
distributed dispersed particles is to arrange themselves along the lines of 
greatest field intensity. The electrostatic field intensity is a function of 
the arrangement and spacing of the electrodes, as well as of the hap- 
hazard arrangement of water droplets in the oil, since this alters the 
^'permeability,” t.c., the dielectric constant of the material in the field, 
from point to point. 

When a crude-oil emulsion is subjected to the influence of a high- 
potential electric field, each dispersed emulsion particle, being conductive, 
becomes charged by induction. The charge is retained by the droplet as 
long as the electric field is applied. The coalescence results from the 
mutual attraction of adjacent emulsion droplets which, under the action 
of the applied electric field, line up between the electrodes, with oppo- 
sitely charged portions of adjacent droplets in close proximity. The 
electrostatic attraction between the droplets suffices to rupture the sepa- 
rating films as droplets come into contact with one another. The joining 
of adjacent droplets continues until the resulting water drops are large 
enough to settle out of the oil by gravity.®®® 

The Petroleum Rectifying Co.,®®^ operating under various patents cov- 
ering electrical dehydration, has installed a number of plants in Califor- 
nia, Texas, Louisiana, and Arkansas, as well as a few in Oklahoma and 
Kansas. Two types of dehydrators were in general use at that time 
(1923), the National type and the Cottrell type. The Cottrell treater 
was the first tjrpe of electrical dehydrator ever put to commercial use 
(1909), and the patent was issued to Cottrell in 1911.®® The National 
type treater described by Harris consists of a closed tank 8 feet in 
diameter by 15 feet high having vertical plates serving as electrodes. 
There are alternate plates grounded to the tank and the remaining plates 
are himg from insulators and connected to a high-voltage transformer. 
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11,000 volts being customarily applied to them. These plates are spaced 
from 6 to 8 inches apart. 

The oil to be treated enters the lower portion of the tank through a 
pipe and passes between the electrodes. The clean oil is drawn off the 
top to a shipping tank and the water settles to the bottom and passes 
out through the gooseneck water bleeder. The tank is kept full of fluid 
at all times during treatment. A body of water, varying from one to 
about six feet, is usually maintained in the tank, its presence being an 
important feature of the operation.^^^ The Cottrell type of treater is 
one in which each unit consists of a galvanized metal tank about 3 feet 
in diameter at the base and 10 feet 7 inches in height. The shell of the 
tank forms one electrode, and circular plates, mounted on a vertical 
shaft and slowly rotated by means of suitable gearing, form the other 
electrode. The tank forming one electrode is grounded, and the rotating 
electrode is insulated and connected to a source of high-voltage alternat- 
ing current, usually 11,000 volts. The emulsion is fed into each unit or 
treater at the top and passes down through the treater, where it is drawn 
off at the bottom, and led to a trap or separating tank where the water 
settles. The dry oil is drawn off the top of the separating tank through 
an adjustable swing pipe, while water is bled from the bottom. The 
capacity of each dehydrator unit on the average is 300 to 1000 barrels 
of oil per day. The electric energy consumption ranges from 5 to 75 
watt hours per barrel of dehydrated oil. The cost of electricity averages 
one cent for 20 to 50 barrels. The plant utilizes a single transformer and 
motor and a single settling tank, and may consist of any number of treater 
units from one to eight in even multiples. The two types of treaters are 
fundamentally different in every detail of construction and in every 
principle of operation. They are alike in but one feature, and that is that 
both employ the demulsifying action of a high-potential alternating 
electrostatic field. 

The National and Cottrell type dehydrators were the only ones in 
general use about 14 years ago. The chief types of dehydrators now used 
by Petroleum Rectifying Company are as follows: HF, CF, DTCF, 
HODTCF, HS, DTHS, CR, and DTCR. The operating principles of the 
modern dehydrators are different. Early practice has shown that in 
treating certain types of emulsions the rotating electrode is essential 
to prevent continuous short circuits. In modern types of treaters, short 
circuiting is prevented by control of hydrodynamic and electrical char- 
acteristics. The heating of emulsions prior to electrical dehydration has 
its advantage, but is usually carried out in closed systems and is limited 
to temperatures ranging between 150 and 180® F. When electricity is 
passed through oil, it is not heated to any appreciable extent. The dis- 
tance separating the electrodes in dehydrators is usually governed by 
the water content of the oil. The electric energy consumption per 
treater is remarkably low, varying from 6 to 15 kilowatt hours per 24 
hours. This consumption represents an average cost of about 40 cents 
per day, based on the rates in the Gulf Coast fields of 4 cents per kilo- 
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watt hour. The average cost of operating a one unit Petreco plant in one 
Texas field, recovering one thousand barrels of net oil, is $26.20 per 
day, or 2.6 cents per barrel. The records of the Petroleum Rectifying 
Company show that the cost for electricity is of the order of 0.05-0.10 
cent per barrel of pipeline oil produced.®®® The dehydrating capacity of 
the treater varies, depending on the character of the emulsion to be 
treated. An average of 1500 barrels per 24 hours can be treated in a 
National plant, whereas almost 2500 barrels per 24 hours can be 
dehydrated in a six-unit Cottrell plant. The percentage 'of water and 
emulsion in the oil is usually not a determining factor in the capacity of 
the treater. In the case of emulsions varying in gravity from 11° to 40° 
A.P.I., having a water content as high as 80 per cent, it is possible to 
dehydrate the emulsion to a water content of less than one-half of one 
per cent, while the entire crude production is restored to its original 
gravity. 

Equipment and Methods Used in the Electric Dehydration of Crude Oil 

Emulsions 

Many types of electrical equipment and many processes of electrical 
dehydration have been patented and described in the literature. Some 
of them arc cited in order to show the technical development of the appli- 
cation of electricity to dehydration. In the field of electrical dehydration 
of emulsions, the commanding position belongs to the Petroleum Rectify- 
ing Company of California. That Company owns some 200 or more 
patents in this art of dehydration and is the only company in the United 
States now engaged in electrical dehj^dration of crude-oil emulsions. The 
conventional process of electrically resolving crude-oil emulsions involves 
pumping the emulsions into storage tanks, withdrawing them subsequently 
from these tanks and subjecting them to the action of an electric field 
to coalesce the dispersed particles. Pumps used in oil fields and around 
dehydrating plants are usually of the reciprocating steam type. These 
pumps can be operated at variable speed, and since they are of the posi- 
tive displacement type, they do not cut the emulsion to any great extent. 
The bucket type of rotary pump and the rotary gear pump, for example, 
are of the positive displacement type. They have a relatively slow speed 
(200 R.P.M.) and give little agitation. Pumps that are used to feed 
electrical dehydrators should not only be of the positive displacement 
type, but should also be capable of pumping a variable volume of fluid 
controlled by the speed of the pump. Centrifugal pumps, which are not 
positive displacement pumps, should never be used for dehydrator feed 
pumps. When operating against pressure, there is some slip in the pump ; 
therefore these pumps cut emulsions badly. In general, the tighter emul- 
sions are the more difficult to dehydrate and pumps causing the least 
amount of re-emulsification should be used.®^® 

McNear and Bowles (Petroleum Rectifying Co.) dehydrated 
oil electrically in a tank having an inner conducting surface and provided 
with a number of annular electrodes spaced axially and connected to 
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a source of electrical energy and to the conducting surface. Between the 
annular electrodes a series of disc electrodes is spaced axially from the 
annular electrodes and connected to the other side of the source of electri- 
cal energy, leaving a space for the flow of liquid through the successive 
annular electrodes and around the successive discs. The spaced electrodes 
of opposite polarity may be arranged more closely together at the top 
than at the bottom of the tank. 

McKibben^s (Petroleum Rectifying Co.) apparatus for the electri- 
cal separation of emulsions consists of a container having an inner con- 
centric vertical tube projecting upward through its base to about half of 
its height and open at the top. The container is closed at the top, and an 
adjustable electrode projects vertically downward into the central tube. 
A valve, which permits gas to escape at a predetermined pressure is also 
provided on the upper part of the container. 

Slonim and Beklemishew describe an apparatus used in the 
dehydration of petroleum emulsions by electric fields of high frequency. 
This apparatus differs from the Cottrell dehydrator chiefly with respect 
to the following factors: (1) one electrode is separated from the emulsion 
by a solid dielectric layer. The rotating internal electrode, consisting 
of a wooden cylinder provided with 8 thin metal strips placed crosswise 
and connected at the ends, is placed in a Bakelite cylinder, surrounded 
from the outside by a brass cylinder serving as a second electrode; (2) 
the emulsion is introduced from the top in the Bakelite cylinder and is 
led off from below; (3) the dehydrator must be filled completely and 
be free from gas bubbles. The internal electrode and one pole of the 
transformer are earthed; the outside electrode is connected by a self- 
induction coil with the other pole of the transformer, and parallel to it 
is built a spark discharge within a displaceable distance. The primary 
voltage is 110 volts, the secondary voltage 36,000 volts. The emulsion is 
resolved at 30-40°; the remaining moisture of the oil is J per cent water;, 
electric energy exclusive of pumping is 0.8-1 kw/hr. The time required 
for separation of the water is 3-6 hours. At the bottom of the separator 
water, petroleum, and the residual coarse, dispersed, unstable emulsion 
precipitate in layers. The apparatus is used on a semi-industrial scale. 

The HF type Petreco dehydrator has a capacity several times greater 
than the Cottrell treater, the average varying between 1000 and 3000 
barrels per day per treater, depending upon the character of the wet oil. 
The average secondary voltage applied by the transformer of this type 
of treater varies from 11,(X)0 to 16,000 volts, depending upon line condi- 
tions, percentage taps used, reactance coil and auto transformer coil 
settings. There is one feature, namely, the motor-driven reduction gear 
for moving the live electrode up and down within the dehydrator. 

One very interesting modification of the electrical equipment is found 
in patents issued to de Brey,^®’®^ who discovered that certain oils are more 
successfully treated when peaked voltage effects are applied to the oil, 
a special generator being developed for this purpose, de Brey suggested 
treating mineral oil emulsions in successive steps at increasing voltage, 
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depending upon the degree of dryness of the oil. He states also that the 
smaller the water particles, the higher the electric pressure required to 
separate them from the oil. Consequently, in order to obtain complete 
dehydration of an emulsion, an electrical pressure of 10,000 to 50,000 
volts may be necessary.* However, the installation and operating costs 
of this dehydration method do not permit its general use. The chief 
reason, however, for not using the de Brey process (U.S.P. 1,691,472) is 
that it is unnecessary, as conventional and simpler methods meet all com- 
mercial requirements satisfactorily. 

Dameron^®^ described electric dehydrators (HF) which treat emul- 
sions from the Gulf Company, Texas Company, Natural Gas and Fuel 
Corporation and Danziger wells. Each of the dehydrators operates 
independently, being controlled automatically to prevent explosions. 
The pumps and heaters also operate independently. Inside the dehydra- 
tor tank an iron rod is suspended from the top of the tank. Three large 
insulators are inserted in it near the top. Below the insulators the upper 
electrode, having a conical shape, is attached to the iron rod. Directly 
beneath, a few inches below, is the lower electrode, a metal cone, whose 
edge has a one inch clearance from the tank. A transformer is mounted 
on top of the tank, the high-voltage wire being connected through an 
insulator bushing in the top of the tank, to the upper electrode, while the 
other wire is grounded to the side of the tank. Alternating current enters 
the transformer at 220 volts and is stepped up to 11,500 volts before being 
delivered to the upper electrode. Wyant, working on heavy-oil emul- 
sions and dehydrating them to a water content of 2 per cent, found that 
the rate of feed must be slowed down so that each pair of treaters produces 
not more than 1200 barrels. The electrodes must be set wide apart on the 
first units and close together on the second units, the oil being treated 
in two stages. 

Segal describes an electric dehydrating plant which is essentially 
a huge Leyden jar whose disruptive discharge penetrates the oil film 
and allows the water particles to run together. In practice, an alternat- 
ing current is stepped up by a transformer to about 10,000 volts. The 
plant has a capacity of 600 barrels a day. The oil treated formerly con- 
tained 14 per cent of water, which has been reduced to less than 2 per 
cent. The electrical current was stepped up to 10,000 volts and experi- 
ments showed that it required about 1 to 7 watt hours per barrel of oil 
treated. W. 0. and H. C, Eddy^^® patented an electric dehydrator, 
recommending that the crude emulsion be led continuously into a tank 
built of i-inch sheet steel and that it be dehydrated while passing between 
two flat or conical sheet-metal electrodes with a potential difference of 
11,000 volts (alternating current of usual frequency). The emulsion may 
be agitated if desired by reciprocation of one electrode which causes a 
sloshing motion of the fluid. 

Three patents on dehydration processes were issued to Laird and 

* American rights to these patents are the property of the Petrdeum Rectifying 
Company. 
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Raney.^®^ In the first, petroleum emulsions are separated by treating 
them with an electric current in a cylindrical shell, divided into an upper 
and a lower compartment by a pan, in which hollow electrodes are fixed, 
forming an open communication between the compartments. On the 
inner walls of these electrodes there is a series of inward projections, 
and inner electrodes with projections on their outer surfaces are placed 
in each of the outer electrodes. In the second, the emjilsions are treated 
with a current of high alternating potential successively impressed 
between a number of pairs of electrodes. Means are provided for varying 
the effective diameter of the inner electrodes. For this purpose they are 
made of slotted pipes surrounded by springs engaging a series of blades 
projecting through the slots, a central rod carrying a series of cones, 
which are moved within the pipe to expand the blades. In the third, 
an alternating electromotive force is connected with or disconnected 
from the electrodes by means of a distributor driven by a synchronous 
motor in order to utilize a certain portion of the potential at each alterna- 
tion. 

Dehydrators, Inc.^®® patented a process for treating emulsions with 
a high-tension alternating potential. The potential and/or the distance 
between the charged electrode and the container wall are such that the 
earthed container wall is outside the zone of charged water particles pres- 
ent around the electrode. The formation of convection currents is pre- 
vented; therefore, discharge of the charged water particles does not take 
place at the earthed wall of the container. The equipment for dehydration 
of petroleum patented by Quinby consists of an electrode made of two 
concentric metallic cylinders. In the annular intermediate space a 
movable, concentric, cylindrical electrode is inserted. The oil to be dehy- 
drated is passed through the annular space and is subjected there to the 
action of electricity. 

Fanto and Shitar describe a method for electrical clearing of an 
emulsion. They .operate with a direct current (at 220 volts and a lamp 
resistance) ; two wires reaching below the surface of the emulsion are 
moved about in the liquid to be cleared. 

When a spark discharge is employed, one terminal of the induction 
coil is connected to a wire around the neck of a separatory funnel, the 
edge of which is moistened with water, or to another conductor; the other 
terminal is connected with a loop of a wire passing through the cork 
closing the funnel and dipping into the emulsion contained therein. The 
Bataafsche Petroleum Maatschappij separates crude-oil emulsions 
by means of high-voltage, rectified, single or poly-phase current. Patents 
on the use of poly-phase alternating current have been issued to 
McDonald 332 and Hanson .212 German Patent 431,222 Kl. 23b, Gr 1, 
July 5 (1926) relates to the precipitation of the ingredients of a petro- 
leum emulsion. The method is characterized by the use of a pulsating, 
interrupted, symmetric or asymmetric alternating current. It is claimed 
that this invention has the advantage of resulting in quick separation, 
due to the rapid succession of short current impulses. Kroch char- 
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acterizes the Cage process as different from the Cottrell process. 50,000 
to 66,000 volts are used. There are two electrodes, one of which is the 
central rod, while the other is the tank wall. Current flows between the 
electrode and the tank wall. The dehydration takes place in the space 
immediately surrounding the rod electrode; it is called the “zone of space 
charges.” The concept of “space charges” on which Cage based his pro- 
cess does not apply to such impure systems as crude-oil emulsions. 
Gemant showed that space charges cannot exist in dielectric oils unless 
the latter are of extremely high purity. In practice, the method is applied 
for dehydration of coal tar and brown coal tar. 

Wilcox®®^ described a Cage dehydrator which has been operated on 
the Pacific Coast. This dehydrator has a special regulating transformer 
which automatically regulates the applied voltage in an inverse ratio to 
the conductivity of the oil. Thus overloading of the transformer or of 
the equipment is prevented. This method has an entirely new principle. 
The plant control centers in a valve actuated by the kinetic energy of 
the moving stre.am and is independent of the fluid level. There is also 
a new type of inlet bushing for high voltage. This dehydrator has a 
greatly increased capacity; a unit handles 4000 to 5000 barrels per day. 
The total current consumption for all purposes (except the operation of 
pumps) for two units treating 6(K)0 barrels of oil per day is 35 to 50 
kilowatt hours per 24 hours. The plant operates with best results at 
140-145° F, whereas other dehydrators require a temperature of 180- 
190° F. The radiation heat loss of a Cage dehydration plant is about 
the same as that of other dehydrators operating under comparable con- 
ditions. 

In this dehydrating system, in addition to the charging current, a 
current also flows back into the transformer. The line current at the 
usual 220-volt distribution voltage, was of the order of 15 to 45 amperes 
(corresponding to 0.05 to 0.15 ampere in the high-tension circuit) . 

Dehydrators, Inc. (Cage ^®®“) patented an apparatus for dehydration 
of water-in-oil emulsions, which comprises a suitable tank with provision 
for passing an emulsion through it, and a series of electrode sets arranged 
in the path of the emulsion flow. The spacing of the electrode sets is 
progressively diminished in the direction of emulsion flow; and this 
diminution is directly proportional to the decreasing conductivity of an 
emulsion as its relatively electrical conductive component is progressively 
removed. In this apparatus means are provided for applying to the 
electrode sets as a whole a potential varying inversely as the total 
conductivity of an emulsion flowing between all the electrode sets. This 
includes an instrument actuated by the current flowing through the 
emulsion, and voltage control circuits are regulated by this instrument. 
Details of an apparatus and its operation in electric dehydration of 
petroleum emulsions have been described in a United States patent.®*®" 

Land’s®®* (Petroleum Rectifying Co.) dehydrator has a horizontal 
surface, fixed in the emulsion receiver, to which is attached a series of 
disc electrodes having between them solid electrodes of opposite polarity. 
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The Bataafsche Petroleum Maatschappij subjects the emulsion to an 
oscilKting discharge of high-frequency currents. Dijxhoom removes 
emulsified lubricating oil from condenser water by passing a 110-volt 
current through it as it flows through a feed pipe. Gerlach devised 
an electro-osmotic process for separating the solid constituents from 
an emulsjon, electro-osmosis being effected by means of a cylindrical 
anode rotating between surrounding cathodes constructed in sections, 
to each of which the current is conducted separately. One of these sec- 
tions connected with a hopper approaches very nearly the direction 
of the rotation; and those sections affecting the subsequent dehydration 
are pressed by means of springs against the layer of partially dehydrated 
material on the anode. 

Mazetty discussed the electro-osmotic dehydration of tar. His 
apparatus consists of an exterior receiver containing water and a copper 
cathode. Tar is poured into the porous interior container holding a posi- 
tive electrode. A voltage of 275 and an amperage of 0.06 is required 
and a temperature of 45-50° is maintained. The water content drops 
from 8.7 to 1.0 per cent within 12 hours. The waste of the light oil is 
0.3 per cent. Tar with a high water percentage, 15.36 per cent, gives the 
same degree of dehydration, but a larger waste in the light oil, about 
1.1 per cent. 

Structural changes introduced into electrical dehydrators by Hanson 
prevent electrical breakdown of an insulator located in a chamber in a 
dehydrator by introducing carbon dioxide under pressure into the cham- 
ber. From time to time the chamber is flushed with carbon dioxide to 
remove the gases given off by the crude oil. Van Loenen^s patent 
covers a method of, and an apparatus for, electrical dehydration of emul- 
sions, in which dielectric breakdown is avoided by use of a gas barrier 
in the treating field. The electrodes consist of a rod electrode coaxially 
disposed within a hollow cylindrical electrode. The electrodes are posi- 
tioned within a gas-filled chamber and the emulsion is allowed to flow 
downward along the surface of the rod electrode in a thin layer, being 
subjected to an electric field of high intensity, and to the bombardment 
of ionized gas molecules. 

H. C. Eddy and C. F. Kiech patented an electric dehydrator with 
an emulsion guiding surface. The live electrode is in the form of a verti- 
cal sleeve submerged in the treated oil, and the water-in-oil emulsion is 
fed axially in the form of a solid stream, which impinges upon the pointed 
end of a vertical rod of insulating material and forms an annular stream. 
In an alternate form the sleeve electrode may be almost horizontal and 
the emulsion guided along the axi? by a trough. 

Petroleum Rectifying Co. (Eddy^-®) applied electric treatment in 
dehydrating emulsions by subjecting them to the action of an electric 
field in which the emulsion separates into its respective components. 
The electric treater used has as its particular object the prevention of 
dielectric breakdown by using a dielectric barrier of dry oil. The princi- 
ple is, to a certain extent, analogous to van Loenen’s patent mentioned 
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above, and provides a dielectric barrier of gas. Garrison dehydrates 
petroleum emulsions by introducing them tangentially into space between 
co-axial conical electrodes, so arranged that their apexes are directed 
downward, and the potential gradient of the field increases in the direction 
of flow of the emulsion. 

Fisher (Petroleum Rectifying Co.®®^) breaks emulsions by subjecting 
them to a non-uniform electric field between concentrically arranged 
electrodes. The emulsion stream is sprayed into the field with high 
velocity, the injector action of the streaming emulsion being used to 
induce a circulation of dry oil between the electrodes, so as to form a 
dielectric barrier in the weaker part of the field. The emulsion stream 
and the dry oil in the induced stream flow through the electric field with- 
out substantial mixing. 

Electric dehydration of emulsions such as those of crude petroleum 
has been carried out by Adams and Barlow by passing the emulsion in 
a continuously flowing stream longitudinally through the annular space 
between a cylindrical outer electrode and an inner electrode tapering 
inward in the direction of the emulsion flow. The phases of the emul- 
sion are subsequently separated from each other when a continuous flow 
of electric current is passed between the electrodes and through the 
stream. 

Girvin^®^ claims that an emulsion in which the continuous phase 
is a petroleum product and the disperse phase an acid or an alkali may be 
treated by subjecting it to the action of a uni-directional electric field 
of several thousand volts per inch, which is of great intensity adjacent 
to the negative electrode. The particles of the disperse phase are 
cataphoretically separated from the oil and deposited upon one of the 
electrodes, from which they are removed by suitable means. 

Siemens-Schuckertwerke A.-G.^*^® break emulsions by applying high- 
voltage, uni-directional impulse discharges given to the electrodes of the 
emulsion breaker with a duration of not more than 10"® sec. The time 
intervals between successive discharges are at least ten times the duration 
of each impulse. This method permits application of very high voltages 
without permitting the passage of heavy currents. In another patent 
Siemens-Schuckertwerke achieve separation of emulsions by using a 
pulsating electric current. The electrodes of the separation apparatus 
are fed with a pulsating current having a duration of 10“® seconds, or less. 
Fisher^®® patented a method for the resolution of loose emulsions by 
pretreating the emulsion electrically between live and earthed electrodes, 
withdrawing the unseparated oil and water mixture from the middle layer 
of a settling chamber, which already contained upper and lower separated 
layers, and pumping this mixture, against a negligible back-pressure, into 
the water layer, separation taking place by gravity. Fisher ^®'^ discloses 
in a patent certain structural, electrical and operative details for an elec- 
tric treating apparatus used in dehydrating natural petroleum emulsions. 
The emulsion to be broken flows between two electrodes; in order to 
regulate and maintain the strength of the field and to prevent short 
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circuiting of the electrodes, a condenser is connected in series with the 
electrodes. 

Petroleum Rectifying Co.®®^ resolves emulsions by applying a high- 
tension electric field with a frequency of 60 to 10,000 cycles. Garrison 
and van Loenen treat emulsions electrically. The portion of the 
emulsion not completely separated settles through a scries of superimposed 
coaxial, conical, oil-wetted screens of fine mesh ; thus complete and rapid 
separation into oil and water occurs. 

Roberts recommends electric dehydration of petroleum emul- 
sions subjected to the action of the electric field set up between electrodes 
in such a manner that on an alternating potential of primary wave form 
is continuously superimposed a single alternating potential of secondary 
wave form, and of higher frequency than the alternating potential of 
primary wave form, so that a rippled wave form is produced, which is 
composed of a low-frequency wave, on all portions of which is impressed 
a single high-frequency wave. 



Fig. 28. Two-unit Plant, Elwood Field. Electrodes of the Nozzle Type 
Are Used in this Installation. 


The electric process of treating oil-field emulsions as developed by 
Petroleum Rectifying Co.^^® depends for its effectiveness on the difference 
in dielectric characteristics of the two phases composing the emulsion, 
oil, which is a fairly good insulator, and salt water, which is a good 
conductor. 

The process consists essentially of a wholly electrical agglomerating 
step and a purely mechanical separating step dependent upon the dif- 
ference of the specific gravities of the two substances composing the 
emulsion. When treating high-gravity, extremely fine emulsions in a 
CF treater, it has been suggested to inject the emulsion into the electric 
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field through a system of nozsles at the point of highest field intensity. 
This is accomplished by using a small rod as ah electrode and confining 
the emulsion to a fluid stream adjacent to its surface. The outer electrode 
consists of a charged cylindrical shield insulated from and surrounding 
the rod. A velocity of 40 ft per second or more is maintained on the 
fluid stream leaving the nozzle. In an HF treater a mechanically agitated 
type of electrode is used for treating a heavy, slow-settling, viscous oil. 
The fluid is injected at the center point between two eight-foot, slightly 



Fro. 29. 

Single-unit Dehydrator Em- 
ploying Mechanically Agitated 
Electrodes. 


conical electrodes. The underside of the upper electrode is provided 
with a series of concentric rings, so arranged that the intense portion of 
the electric field is below the edge of the rings beneath which the fluid 
must pass on its way through and out of the field. With this type of 
oil, the mechanical agitation is beneficial. A small movement of the 
electrodes prevents water-rich masses or chains of water globules from 
bridging the gaps between the electrodes, thus preventing an excessive 
flow of electrical energy 

The new type of electrode developed by H. C. Eddy, known as the 
“CR” or concentric ring type, secures cuts lower than any heretofore 
obtained in the dehydration of California oils. 

Passler®^®* dehydrates an emulsion (from an oil well in Austria), 
whose water content amounts to over 50 per cent, by passing it through 
a high-tension electric field. One electrode is a rod, while the other is 
a cylinder surrounding it. Both electrodes are covered with a dielectric 
of hard glass. The electrodes are so designed that they present a large 
surface. The energy consumption is small, ranging from 3 to 15 kw hr 
per 24 hours of continuous operation (15 kw hr represents a maximum 


PRACTICAL KNOWLEDGE OF EMULSIONS 


853 


for emulsions containing 60 per cent of water) . To reduce the viscosity, 
the emulsion is preheated to 50-70°. 

The electrodes used in electric dehydrators are now generally either of 
the horizontal, concentrated-field type, consisting of a nozzle which jets 
the emulsion along an electrode rod located inside a live shield, or of 
the concentric-ring type, suspended from supporting brackets. In the 
latter, the emulsion may be introduced below the electrode unit, rising 
through the high-potential field, or in a horizontal plane directly into the 
electric field by means of a radial distributor (Roberts and Worthington, 
Petroleum Rectifying Co.^®^®). 

Prutzman patented the electric dehydration of oil in a shell divided 
into two chambers, upper and lower; tubular grounded electrodes passing 
through the partitions arc the sole means of upflow; the live electrodes 
are thin wires axial to the tubes. Drains for water are provided from the 
upper to the lower chamber; through these the emulsion is prevented 
from flowing. The shape of the live electrode is conical, with closed apex 
downward. The earthed electrode is a wire screen around the cone, and 
is supported by horizontal plates from the shell wall; direction of flow is 
controlled. 

Crude-oil emulsions are cither treatable or untreatable by the electri- 
cal process. Some emulsions are treated with great ease, while others can 
be treated only by using, in addition to electric treatment, aids such as 
chemicals, recirculation through the electric field, heat, etc. The Mid- 
Continent oils are an example of emulsions which cannot be treated by 
the electrical process. The disperse phase of any natural emulsion is 
electrically charged, either positively or negatively. In some emulsions, 
these charges remain as a fixed magnitude; in others they change with 
age. The change is either in magnitude or sign, or both. If emulsions 
contain particles which change essentially the magnitude of their charges, 
or which reverse their charges upon aging, they do not respond to electric 
treatment after aging; whereas in the opposite case this treatment is 
highly effective. To secure successful results by the electric process with 
emulsions for which the aging process proceeds relatively fast, it is nec- 
essary to treat the emulsion soon after it is formed. Not more than 6-48 
hours should elapse before it is exposed to the action of the electric field. 
The temperature at which the treatment is performed should be below 
that necessary to vaporize the aqueous phase of the emulsion. On 
leaving the well, the emulsion to be dehydrated is transferred under pres- 
sure of the pumped emulsion directly into the electric dehydrator. With 
a flowing well, pressures many times higher than atmospheric arc avail- 
able, and may be utilized in developing higher pressure in the electric 
treater. High pressure tends to retain dissolved gases in the emulsion, 
thus further facilitating the electric treatment.®®® 

The fundamental object of another patent by Roberts®®^ is to treat 
by electric methods emulsions which are otherwise untreatable, or dif- 
ficult to treat, by subjecting them to the action of an electric field even 
before they leave the well and before they become untreatable because 
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of aging. An electric field is established in the well from which the emul- 
sion is obtained by positioning a charged electrode in the emulsion stream 
rising in the well. The dispersed particles of the emulsion agglomerate, 
and the treated emulsion moves upward to the top of the well into a 
separating chamber, where the phases are withdrawn separately. 

Electric dehydration of petroleum emulsions is effected by applying 
the emulsion to the surface of an electrode where it falls freely upon a 
second electrode. From the first electrode an edge discharge is ^tablished 
in the direction of flow of the emulsion. An intense electric field is 
maintained between the electrodes. The falling stream of emulsion is 
thus subjected to a high potential gradient, resulting from the electric 
field.i“ 

Electric treatment for dehydrating petroleum emulsions may be 
carried out successfully when a number of condensers are successively 
charged and discharged through a pair of electrodes in contact with the 
emulsion to be treated. Each condenser is isolated from the charging 
source during the discharging interval.^*® 

The Petroleum Rectifying Co. (H. F. Fisher *•*) adapted the principle 
of dehydrating water-in-oil emulsions by leading them from below 
through an electric field; the precipitated water droplets thus pass down- 
ward through the emulsion and pull along further amounts of water from 
it. The breaking of water-in-oil emulsions by coagulation in an electric 
field is carried out in an arrangement permitting adjustment of the field 
ratio required for emulsions of different density 

Woelflin’s method of electric dehydration of crude petroleum 
emulsions involves changing the emulsion into a low-density foam com- 
prising masses of non-condensable gas, surrounded by thin films or layers 
of the emulsion in an electric field between electrodes associated with an 
insulating means; the foam is subjected to the action of the electric 
field. This method provides treatment of the gas-emulsion mixture both 
directly by the electric field and indirectly by the ionizing action of the 
electric field on the gas mass. A flowing stream of a dielectric liquid 
along the insulating means prevents contact between it and foam. 

The petroleum emulsion to be treated is flowed downward through 
an elongated, vertical, interrupted electric treating field; gas is injected 
into the emulsion as it flows, and is allowed to rise through it.®*^ 

Oil-in-water and water-in-oil emulsions may both be treated by 
subdivision into minute liquid particles separated from one another by 
a gas. The gas acts as a dielectric barrier to prevent excessive current 
flow between electrodes, and furnishes at the same time a low-viscosity 
medium. Then an electric field of sufiicient intensity is established to 
ionize the gas. The emulsions to be electrically treated are introduced 
into the electric field in an atomized state. The atomizers used are such 
as to break up the liquid by centrifugal or mechanical force without the 
use of a high-velocity jet of air or other gas. The atomized emulsion 
is introduced into a gas-filled electric field of sufiicient intensity to 
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coalesce the disperse phase; the coalesced liquid phase is then separated 
from the liquid forming the continuous phase.*®* 

According to Slonim and Beklemyschew,^^® mineral oil emulsions are 
broken by treating them with a high-frequency current. 

In the California and Gulf Coast oil fields, the majority of all emul- 
sions are treated by electric dehydration. Fig. 30 shows a cross-section 
of an electrical treater, operating on the principle that the dispersed or 
scattered droplets of a petroleum emulsion coalesce and readily settle out 
from the oil by gravity when brought within the field of influence of a 
high-potential alternating current.*® 



Fig. 30. 


Woelflin’s invention provides a pipe-line treater which is connected 
to a pipe-line in such a way that the emulsion flowing through it is 
electrically treated before being discharged into a more remote section 
of the pipe-line or into storage. Such treaters spaced along a pipe-line 
insure higher velocities through it, because they control the re-emul.«ify- 
ing tendency caused by agitation in the pipe and decrease the viscosity 
of the fluid. The method of treating an emulsion flowing through a pipe- 
line involves establishing a number of electric fields placed at intervals 
along the line. Each of these fields has sufficient intensity to coalesce 
the dispersed droplets of the emulsion system into larger masses, the 
emulsion constituents being moved successively through the fields with- 
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out substantial separation of constituents during passage between fields, 
and separating after subjection to the last electric field. 

When an emulsion contains one phase of a material of high conduc- 
tivity and another phase of a material of relatively low conductivity, 
Woelflin^s novel method and apparatus for introducing high poten- 
tials into an electric dehydrator are particularly applicable. In treating 
petroleum emulsions, the conducting liquid phase is usually water or 
aqueous solutions, the other liquid phase being oil of lower density than 
the water. Thus the water tends to gravitate to the bottom of the tank. 
When treating certain tar emulsions in which the conducting liquid phase 
is of lower density than the other liquid phase, the water tends to collect 
in the upper end of the tank, while the tar gravitates to the lower end. 
In this instance, if the potentials are introduced through the bottom of 
the tank, many difficulties will be encountered with leakage around the 
insulator or accumulation of sludge, increasing the tendency toward elec- 
trical failure of the insulator. The leakage is undesirable because of fire 
hazard, and necessity of draining the entire tank. In the new method 
potentials are introduced into the tank through the wet zone by protect- 
ing the insulator from the material in the wet zone. 



Fia. 31. Diagrammatic Sketch of the Electric Dehydrator. 


The high-potential transformer or other current source is located at 
or on the upper end of the tank. In one end of the treater tank are 
provided separated bodies of a conducting liquid and a dielectric fiuid 
(liquid or gas of sufficient dielectric strength) ; through the latter the 
potentials are introduced into the tank. The insulating means is pro- 
tected from the liquid of high conductivity by the use of a boot extend- 
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ing through the latter and opening in the tank interior in a zone wherein 
the material is of higher dielectric strength than is the liquid of high 
conductivity. The incoming emulsion is introduced into the space between 
the boot and the tank. A suitable baffle or deflector guides from the 
open end of the boot any conducting material which might otherwise tend 
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Fia. 32. C.F. Type of Treater with a Capacity of 1500 to 4000 Barrels per Day. 


to enter. The dielectric fluid through which the incoming potentials are 
introduced is continuously dehydrated to maintain the dielectric proper- 
ties of the fluid. 

An electric dehydrator installed at Signal Hill, California, was the 
first to be operated in California as a flow-line treater, dehydrating the 
oil as it was pumped from the well without preheating. The oil is pro- 
duced at 120° F and cuts 61 per cent emulsion and 3 per cent water, or 
64 per cent B.S. and water. The treated oil has a gravity of 25.5° A.P.I. 
at 60° F. Line treaters are now in wide commercial use. 

The dehydrator is installed directly beside the derrick. After leaving 
a gas trap in the derrick the charge flows through a lead line into the 
bottom of the dehydrator (Fig. 31). The treated oil cutting 0.6 per cent 
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flows from the top of the dehydrator to the shipping tank without addi- 
tional pumping.*®® 

The “Concentrated Field” type of treater developed by the Petroleum 
Rectifying Co. is shown in Fig. 32. Wet oil passes from the pump through 
a preheater, then through strainers into a central distributing head 
Mounted on top of this head are three insulators from which is supported 
a framework on which the live electrodes are suspended. 



Fw. 33. Cage Type of Treater Used in the Taft Field. 


Another type of electric dehydrator uses from 11,000 to 100,000 
volts. In this treater, water particles are alternately charged positively 
and negatively and these seek each other out and coalesce, forming neu- 
tral droplets, which are again charged and coalesced until a suflScient 
mass is formed to settle out by gravity. This treater, known as the 
“cage type,” was formerly in operation in the Taft oil fields. In Fig. 33 
at the left are shown three Kelly Dutch-oven type, open-fired preheaters. 
In the middle are two heat exchangers and at the right two electric 
treaters.^''® 

Williams*" describes the new dehydrating installation operated by 
the Magnolia Petroleum Co. in the Luling field. It consists of two heat- 
ing units; each includes a Lucey 100-horsepower, 300-lbs working pres- 
sure boilet, and a steam-operated preheater for heating the oil. The oil 
emulsion is pumped through the preheaters around the outside of the 
coils. By means of the steam circulating through the coils, the tempera- 
ture of the emulsion is raised to between 176° and 190° F. A back- 
pressure of 10 lbs is held on the charge. The temperature of the emul- 
sion in the preheater is controlled by a thermostat on the steam line 
which automatically regulates the volume of steam passed through the 
coils of the preheater. Boilers are equipped with automatically con- 
trolled water feeds, steam operated. The two steam heating units have a 
combined capacity of 12,000-16,000 bbls per day. There are six electrical 
dehydrating units in the installation. Each is operated with 11,600 volts. 
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From these units the oil is run to a large settling tank, in which the 
water remaining is settled out. 

The electrodes used in modern plants are the horizontal concentric- 
field (HCF) type and the more recently developed concentric-ring (CR) 
type. The horizontal-field (HF) type is no longer manufactured, although 
many of these electrodes are still used in older plants. 

The electric dehydrator (Fig. 33a) is a welded, vapor-tight tank con- 
taining both a live and a grounded electrode. The voltage is stepped up 
from a commercial alternating-current circuit in a high-potential trans- 
former (11.5 to 16.5 kw) mounted on top of the dehydrator and delivered 
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to the live electrode through a porcelain entrance bushing on top of the 
tank. The potential expressed in volts per inch is about 6000, although 
the total voltage applied may range from 6000 to 100,000. The amount 
of current consumed is very small — often less than one kilowatt per hour 
and seldom more than 2 kilowatts per hour. Th§ electric dehydrator 
used at batch plants is 10 feet in diameter and 12 feet in height and has 
a volume of about 180 barrels. Throughput capacities range from 1000 
to 4000 barrels of clean oil per 24 hours. This size has proved to be the 
most economical for wells or leases having an output of 400 to 600 barrels 
of oil per day. 
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The development of the concentric-ring (CR) type (Fig. 33b) of 
electrode in its many forms has been one of the important factors in 
increasing the efficiency of electric dehydration. This type is adaptable 
to a great variety of oils, particularly to those of heavy gravity. The 
CR electrode gives lower treated-oil cuts, increased throughput, and more 
efficient operation at a lower dehydrating temperature than is possible 
with the other types. It may be operated with one transformer. Two 



Fio. 33c. Double-transformer Concentric-ring Typo 
(D.T.C.R.P.) Dehydrator. 
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sets of CR electrodes may be placed in the same shell in order to obtain 
lower cuts and higher throughput. 



In the case of the double-transformer concentric-ring type (Fig. 33c) , 
it is possible to maintain a treating field of 33 kilovolts with only 16.5 
kilovolts gro\mded. This electrode, like the HCF electrode, is character- 
ized by turbulence in the treating field. 

DTCRP units are used in batch treating of emulsions difiScult to 
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dehydrate, and for conditions under which high-voltage gradients are 
necessary to cause coalescence. 

Mahone states that modernization of central batch-treating plants 
to incorporate complete heat-exchange equipment, recent developments 
and improvements in electrode design, and automatic operation of dehy- 
drators are responsible for increased efficiency and reduced operating 
costs. 



Fio. 34. Ten-unit Petreco Electric Dehydrating Plant. 


French described a reconstructed central batch plant in California 
which has a normal capacity of 4500 barrels of clean oil per day. When 
light-gravity oils are treated, heating of the well fluid may cause evolu- 
tion of sufiBcient gas to affect operation of the electric dehydrator. Where 
this condition exists, an elevated gas-separating chamber is placed 
between the heater and the dehydrator to separate the gas from the wet 
oil (Fig. 33d). Several plants of this type are used in the Montana- 
Wyoming region where pipe-line requirements limit clean oil “cuts” to 
0.5 per cent. 

Fresh emulsions from a well are less resistant to dehydration than 
those pumped into a tank and stored before treatment. The stability of 
an emulsion is a function of its age. Consequently “flow-line” treating 
has many advantages over “batch” treating and reductions in dehydra- 
tion costs have been effected by converting batch treating to flow-line 
treating systems. Due to the lower treating temperatures in flow-line 
treaters, the volume losses and gravity changes that may occur in the 
batch system are reduced or avoided completely. Evaporation losses are 
minimized as a result of eliminating wet-oil storage tanks. In flow-line 
treating further savings are realized ®®®* by substantial reduction of chem- 
ical-aid requirements. 

A recent development in equipment for treating emulsions is an auto- 
matic flow-line treater consisting of an oil and gas separator, a gas 
heater, a baffled water-wash section, and a settling space all in one unit. 
The treaters are operated either under pressure or at atmospheric con- 
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ditions. A section through one type of treater is shown in Fig. 33e. 
Fluids from the well enter the gas-separating chamber in the upper part 
of the main chamber, and the free gas is separated from the water and oil. 
The fluids drop down through the internal iSume and enter the hot wash- 
water in the baf9ed water-wash section. The external gas heater preheats 
the fluid in the lower part of the flume. A gas-trap pan below the bottom 
baffle prevents gas from entering the wash section. The gas-vent stack 
conducts the trapped gases from the gas-trap pan to the separating 
chamber, preventing agitation and ineffective settling. The clean oil at 
the top of the settling space is skimmed off automatically through a dis- 
charge valve. The salt water is released to the bottom of the treater. 
The salt-water level is regulated by an adjustable screw on the top head 
of the tank. 

The Petroleum Rectifying Co. of California was organized in 1911. 
This company confines its activities to the field of crude-oil dehydration 
and desalting in an effort to give to the oil industry the latest and best 
in electrical treating equipment. 

Only in a few instances can the crude emulsions in the Talco pool be 
successfully treated with chemicals, because the emulsifying agent cannot 
be definitely determined. The “flow line” method of dehydration with 
electrical units has proved to be most effective in all cases. The oil is 
run directly from the well through the dehydrator and then into the dry- 
oil stock tanks.*®* 

“Flow-line” treatment is a term that has been applied to electrical 
resolution of crude-petroleum emulsions by the Petreco Process. In this 
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process, the emulsified oil is conducted directly and continuously from the 
producing well in the dehydrator, where it is treated to pipe-hne require- 
ments. (See Figs. 34, 35, and 36.) 



Fig. 36. Single Unit Petreco Dehydrating Plant. 

Recognizing that a crude-petroleum emulsion is a system with a 
dynamic equilibrium and that an emulsion taken fresh from a well 
responds readily to treatment, it is obvious that the least possible delay 
in dehydration is necessary for effective dehydration. On the other 
hand, by conducting the emulsified oil directly from the well to the 
dehydrator, no stratification or sludging can occur, as the emulsion is 
delivered continuously to the dehydrator. No re-runs and recirculations 
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are necessary. The treater operating on ^^average” oil requires minimum 
supervision. Certain construction changes incorporated into the ^^flow- 
line” treaters have made them automatic in operation. Thus many fac- 
tors contribute to an increased efficiency and decreased cost of dehydra- 
tion by using the flow-line system of electrical dehydration.^*^ 

The principal advantage of the flow-line or Electroflow system over 
most of the present tank dehydrating plants lies in automatic operation: 
(1) an automatic control of current by means of a choke coil; (2) the 
automatic float-operated switch on the transformer which opens the elec- 
tric circuit whenever the dehydrator is not full; and (3) the relief valve, 
or vent, on the dehydrator which automatically limits the pressure to a 
predetermined value. Fig. 37 shows the automatic control features on a 



Fia. 37. Diagram of Flow-line Method of Electric Dehydraticm. 


small unit (5 feet in diameter). A is the choke coil which limits the 
current on short circuit to 30 amperes and protects the transformer and 
current leads; B is the float control for the magnetic switch, which pre- 
vents the occurrence of arcs in the dehydrator when it is not full of oil; 
and C is the pressure relief valve, which prevents excess pressure from 
building up inside the dehydrator shell.®^^ A diagrammatic sketch of a 
complete electric dehydrating plant equipped for automatic operation is 
shown in Fig. 38. 

Fortine shows two types of electric dehydrating plants in his dia- 
grammatic sketches. The flow-line dehydrator is controlled automati- 
cally. The process is controlled by the following features: (1) auto- 
matic control of current by a choke coil; (2) automatic float-operated 
switch on the primary transformer, which opens the electrical circuit 
when the dehydrator is not full; (3) relief valve on the dehydrator; 
(4) automatic flow of wet oil; (5) automatic temperature control, and 
(6) automatic water-level control. 
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The advantages of the flow-line system of electrical dehydration over 
the old tank system, in which the emulsion is heated by high-pressure 
exhaust steam, are as follows: (1) elimination of wet-oil storage tanks 
and dehydrator feed pumps; (2) lower operating temperature, eliminat- 
ing cooling towers, etc.; (3) elimination of chemical aid; (4) no re-run- 
ning of partially dehydrated oil; (5) reduction in labor; (6) elimination 
of gravity losses, and (7) lower plant investment cost.^^^ 

The electric process, supplemented with some other treatment, is often 
encountered. A combination of electric and heat treatments is not rare. 
McKibben dehydrated a heavy-oil emulsion by heating it to the vapor- 
izing point and passing the mixture continuously through an intense 
electric field. The vapors were condensed, the liquids cooled below the 



Fia. 38. Diagram of Tank Method of Electric Dehydration. 


vaporizing point and the water, after settling to the bottom of the con- 
tainer, automatically discharged. 

H. C. Eddy pointed out that the highest temperature used on 
extremely difficult and viscous emulsions dehydrated electrically was 
180® F; the average temperature is considered to be 135® F. The lower- 
gravity oils usually require a certain amount of heat before they can be 
handled or pumped satisfactorily. At the temperature required for han- 
dling low-gravity oil, emulsions ordinarily can be broken electrically and 
practically none of the volatile substances are lost. 

Heat in conjunction with electric dehydration is applied by the Mag- 
nolia Petroleum Co.®^^ Electric dehydrators operate on emulsions which 
have been heated to 176-190® F. For dehydration of viscous and oxi- 
dized emulsions, especially petroleum emulsions, these are mixed with a 
gas imder pressure so that at least one part of the gas is absorbed. After 
removal of gases not absorbed, the emulsion is subjected to the action of 
a high-voltage electric field under pressure, whereby the separation of 
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water takes place. After the discharge of the separate phases, the gas 
set free is recycled to the untreated emulsion. For the treatment of 
petroleum emulsions natural gas containing chiefly CH 4 and C 2 H 0 , like- 
wise CO 2 , air, a mixture of CO 2 and N 2 or generator gas may be used.®®® 

Passler and Brunnbauer in resolving petroleum emulsions by an 
electric field, recommended that the separation of water and solid impuri- 
ties should be carried out by treating the preheated emulsion with a high- 
tension alternating current by passing the emulsion between a multi- 
plicity of electrodes, the conducting parts of which are insulated from 
the emulsion by a solid, whereby the flow of conduction current through 
the emulsion is prevented. 

Resolution of water-tar emulsions is carried out under pressure and 
heating by coagulation of the aqueous phase in the electric field. The 
apparatus used permits producing two different electric fields.**®® To 
resolve a petroleum emulsion, it is led under a pressure of 23-14 atms 
through an enlarged tube, in which an electric field of about 13,000 volts 
is maintained by centrally located electrodes. The gas, oil and water are 
separated from one another in a settling chamber connected with it. It 
is recommended especially to produce a foam from the gas, oil and water 
by introducing an inert gas under high pressure, before treatment in the 
electric field at lower pressures, and then to conduct the fiuid into the 
settling chamber. The water droplets attain about the same size and 
may be readily separated in the settling chamber.^®^ 

The heavy, asphaltic crude oil from the Luling field is accompanied 
by slightly brackish water in proportions frequently as high as 98 per cent 
of water to 2 per cent of oil. Chemical treatment was found useless. 
The only successful method appeared to be heating, but neither heat 
exchange nor direct heating in boilers was found of any use. The new 
system proposed consisted of a steam-operated preheater, in which the 
emulsion is heated to 175-190° F and thence to a 100 h.p., 300-lb pres- 
sure boiler. The treated emulsion passes then to a battery of six elec- 
trical dehydration units of conventional type, operating at 11,500 volts. 
The emulsion is first settled as much as possible in the field, and then 
pumped into two accumulating tanks before being passed to the treating 
system.®^^ 

When electric dehydration is carried out at higher temperatures, the 
effect of pressure is marked and depends on the quantity of gas and low- 
boiling hydrocarbons present in the crude oil. Sufficient pressure to pre- 
vent any gas being formed, in some cases, increases the treating capacity 
and reduces the water content of the dehydrated oil. Frequently, the 
normal operating pressure is sufficient to prevent gassing inside the 
dehydrator. This is true where the dehydrated oil passes through heat 
exchangers or a cooling tower before entering the stock tank. For increas- 
ing the pressure above the normal operating pressure, a spring-loaded 
relief valve is placed in the dehydrated oil line. This valve must hold 
a constant pressure, irrespective of the volume of oil passing through.®®® 
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According to a Japanese author,^®® there are three methods for con- 
tinuous electric purification of oil: (1) steam is blown into the oil -when 
there is a large amount of emulsion; (2) powder is added when the oil is 
extremely contaminated; and (3) fibrous material is used when there is 
a small amount of suspension. In the first method, the oil is charged to 
a cylindrical metal container having a steam inlet pipe at the bottom 
and a bar suspended in the center, forming electrodes with the wall. The 
oil is externally heated to a moderate temperature and steam is blown in 
while a high-tension electric current is applied. Eddy currents are set 
up in the oil which result in coagulation and subsequent precipitation of 
the emulsion or suspended material. In the second method, the oil is 
charged with a small proportion of white clay, magnesia or titania, heated 
externally and stirred mechanically. An electric current causes coagu- 
lation and precipitation. It is necessary to select powders having a charge 
of the colloid opposite to that of the colloid to be removed. In the third 
method, emulsions move under the influence of electric power and adhere 
to fibrous materials, such as cotton, floss silk or glass wool, inserted 
between the electrodes. It is possible to operate it continuously and 
effectively.^®® 

Kuezynski^s findings indicate that the sign of the charge on the 
water globules depends only on the reaction of the water. The acidity 
or alkalinity of the emulsion controls the sign of the charge of ‘‘sand.^’ 
De Groote,^®^ in destroying petroleum emulsions, combined filtration and 
electric dehydration, together with some mechanical alteration of the 
emulsion. 

Petroleum Rectifying Co. (Cottrell dehydrates mineral oils under 
the influence of a high-voltage electric field. In this process, the oil- 
water emulsion is led through a coarse filter, the pores of which are larger 
than the water droplets; it is then brought into a treating chamber and 
passed from it through a fine-grained filter the pores of which are smaller 
than the water droplets. The electric field should act in such a manner 
that the water droplets tend to move in a direction opposite to that of the 
oil stream. 

To maintain the non-conductivity of oil containing water in dispersed 
form, preferentially water-wettable granules such as magnetite, hema- 
tite, quartz sand, broken quartz or flintstone, or alumina, of a density 2.5, 
are allowed to fall through a horizontal electrostatic field at a rate faster 
than the flow of the oil emulsion. These granules are withdrawn from a 
pool of collected water at the bottom, freed from excess moisture but not 
rendered dry, and again showered into the apparatus.®^ 

Harris^ 2^® patent specifies an electric dehydration process in which 
solid particles, such as kieselguhr, added to the oil and water, are agglom- 
erated about these particles by the action of an electric current. Break- 
ing of oil- water emulsions occurs^®® when these are subjected to the 
action of an electric field of many hundred volts, whereby the emulsion 
is simultaneously treated with solid-grained substances kept steadily in 
motion through the upward-streaming oil. 
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The resolution of petroleum emulsions or the like containing foreign 
matter is effected when an electric field is impressed on the emulsion and 
foreign matter in the oil is bombarded with charged particles of a liquid 
dissimilar to the oil and having a greater affinity for the foreign matter 
than for the oil, such as an aqueous electrolyte solution. The impurities 
of the crude oil, such as sand and sludge, charged negatively, are driven 
against the receiver wall, where they are taken up and led away by a 
liquid streaming along the receiver wall in a thin layer (the liquid wets 
the impurities) . Outside the receiver the purified crude oil is separated 
from the treating liquid charged with its impurities. The inside wall sur- 
face of the receiver may be covered with a readily wetted mass, such as 
plaster of paris.*®* 

In shipping oil in tank steamers the empty tanks are often filled with 
water; as a result, emulsions are formed with the remaining oil. To 
break these emulsions, a Ca or Mg soap, soluble in oil, may be used and 
a gas introduced, whereby separation into an oil-rich emulsion and water 
follows. The oil-rich emulsion is then separated from the gas and 
resolved by an electric field into oil and water.®®® 

A continuous apparatus for separating water and solids from petro- 
leum emulsions by electric treatment is described by Passler.®^® Gulf 
Production Co.®®^ formerly used a combination of heat, direct current 
and a centrifugal treatment. The emulsion from the field is pumped into 
two large, earthen storage tanks, where settling of the free water takes 
place. The emulsion is then heated in a closed system to 175° and sent to 
twelve direct-current electrical treaters, where the emulsion is reduced 
from 30 per cent to about 6 per cent water content. The discharge from 
these treaters goes to a concrete pit, where the top is skimmed to the pipe- 
line oil pit and the bottom pumped to eighteen centrifuge machines. The 
oil derived from the centrifuges has about 1.3 per cent and enters 
the pipe-line pit. The water from the treaters and centrifuges is handled 
through concrete pits and nothing but clear water is run off. 

Summarizing briefly our knowledge on electric dehydration, we must 
consider the fact that a very high percentage of emulsions treated in 
California is subjected to the electric process. Even where crude oil is 
topped, an electric dehydrator is often installed ahead of the topping 
plant. One of the main features of the electric method in the dehydra- 
tion process is its simplicity of operation. It is a known fact that every 
crude oil to be electrically demulsified must first be subjected to a test to 
determine its behavior in the electric field, because it is not possible to 
dehydrate successfully all emulsions by using electric methods, as the 
interfacial film in some emulsions is not susceptible to the effects of 
electrostatic induction. However, it must be noted that electric dehydra- 
ation effects are not conditioned by the viscosity of the oil. 

On the other hand, many oils are particularly suitable for the electric 
process. The outstanding primary advantages of electric dehydration, 
besides simplicity, ease of control, and centralization of operation, are: 
no change in the oil, high speed (f.c., the large ratio of daily throughput 
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to volume of fluid in process) , high eflBciency, etc. Secondary advantages, 
which are not unique features of electric dehydration, are: low tempera- 
ture requirements, low operating costs, etc. 

Magnetic Dehydration 

Magnetic separation of emulsions, although used less frequently than 
electric separation in dehydration, has been experimented with in a few 
cases. Roberts^®® patented a process in which the emulsion is passed 
once through a magnetic separator. The latter is a tube surrounded by 
the coil of an electromagnet. The coil may be energized by either alter- 
nating or direct current. The conduit for the liquid is axial to the 
exciting coil. The emulsion is subjected to the action of the magnetic 
field, whereby the dispersed droplets are coalesced into larger masses. 
An advantage claimed for the process is that the emulsion is heated by 
electromagnetic induction. Mixed emulsions may be subjected to the 
action of magnetism repeatedly and at different frequencies, each fre- 
quency being adapted to one component of the mixture. The treated 
emulsion, after subjection to the magnetic field, is collected in a settling 
tank, in which separation into oil and water occurs. 

Dehydration Under Action of Rays 

The action of various rays has been suggested in the practice of 
resolving emulsions. Herbsman^^^ patented a process of separating 
emulsions under the action of ionizing rays. Petroleum emulsions were 
subjected to the action of ultraviolet rays, x-rays, cathode rays, canal 
rays or a, yS, and/or y rays from radioactive substances, which cause 
ionization. The emulsions to be broken are streamed in a thin layer in 
the vicininity of the source of these rays. 

Dehydration by Centrifuging 

The fact that under certain conditions emulsions separate or segregate 
on standing is well known. This process is very slow and is caused by 
the force of gravity. The idea of replacing gravity subsidence by cen- 
trifugal subsidence originated in about 1850, but the first continuous 
centrifugal separator was invented by De Laval in 1878 and applied to 
the separation of cream from milk. In the centrifuge the system is 
placed in a tube and whirled at a high speed so that the axis of the tube 
lies in the plane of rotation. Under this action, heavier particles sus- 
pended in the liquid collect at the end of the tube. The coarse particles 
are thrown out first, and the smaller the particles the higher the velocity 
of centrifuging required. Van Calcar observed that a salt solution sub- 
jected to a moderate centrifugal force acquired a measurable difference 
in concentration between the center and the periphery. By centrifuging, 
about three-eighths of the salt from a saturated Glauber^s salt solution 
could be crystallized out, and this was considered as indicating that cen- 
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trifugal and gravity subsidence both depend upon the difference in the 
specific gravity. The absolute density of the disperse phase must be 
great enough for separation to take place. 

Stokes (1849) proposed a law expressing in a mathematical form 
the motion of suspended particles, pointing out the relative unimportance 
of the absolute density. Ayres explained this contradiction by saying 
that Stokes^ law is not applicable, in its usual form, for the size deter- 
mination of highly dispersed colloidal particles, because the force of 
gravity is too small to produce a sufiScient velocity inside the disperse 
phase. A centrifugal force has to be used which, at a very high speed of 
the centrifuge, may exceed from 15,000-18,000 times the gravity force 
or 13,200 to 42,000 times the latter.^^^ Ayres suggested a modifi- 
cation of Stokes^ formula because in a centrifuge subsidence of particles 
occurs not under the force of gravity but under centrifugal force. The 
velocity in Stokes^ formula has, therefore, been replaced by the rate of 
displacement of particles in the direction from the axis of rotation of the 
centrifuge to the periphery of the chamber containing the centrifuged sys- 
tem, i.e., dx/dtj where x is the distance of particles from the axis of 
rotation and t the corresponding time. The force of gravity, gf, he 
replaced in the formula by the expression ot^x, in which a is the angular 
speed. Thus Stokes’ formula takes the following form: 


dx 

Qnrjr — = 4/3Trr‘(D — D’^)orx; from which, 
dt 


dx/x = 


2r*(D — D')ordt 


Ayres integrated this equation between the limits x' and x'\ and obtained 


In x"/x = 


2r"(/> - D')ocH 

9 ^^ 


V9i 7 In x''/x' 

^ ” 2(D - D')(xH 


In the case of dispersion systems having very small particles (ultra- 
microns less than 5 jn/x in size), subsidence with the ordinary centrifuge 
which develops 50,000 g or less is impossible, and the size limit for this 
force is indicated by Ayres to be about 3 /ifi. Svedberg constructed 
the first ultracentrifuge at Upsala University. It is a very complicated 
arrangement * because any kind of vibration, change of temperature and 

♦ A Svedberg type of ultracentrifiige is in use at the dii Pont de Nemours Com- 
pany Laboratories (E. Kraemer). The world^s most powerful ultracentrifiige was 
designed and built at the University of Virginia by Dr. J. W. Beams and co-workem 
and was described in Science, 78, 338 (1933) and Phys. Rev., 39, 858 (1932). This 
centrifuge operates at speeds up to 20,000 revolutions per second and develops cen- 
trifugal forces from 5,000,000 to 6,000,000 times gravity. 
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other disturbing factors have to be excluded. The liquid investigated is 
placed in a special cell and hermetically sealed. Commercial super- 
centrifuges usually operate at 15,000 r.p.m., whereas laboratory ultra- 
centrifuges make about 40,000 r.p.m. At such high velocities no* turbu- 
lent or other effects interfere with proper sedimentation. 

Centrifuging periods range between 3.5 seconds and 6.67 minutes. 
Sharpies supercentrifuges handle 300-400 gallons per hour at a speed of 
about 15,000 r.p.m. As the bowl has a capacity not greater than 5 gal- 
lons, the above throughput corresponds to a total centrifuging time of 
45-60 seconds. Centrifuges are in daily use in practically every oil field 
in the United States, where they are employed in testing crude oil to 
determine its BS and water content. The reasons why crude-oil emul- 
sions are no longer treated with centrifuges in oil-field practice are 
broadly as follows: (1) inability to resolve stable emulsions; (2) wastage 
of oil in the unresolved emulsion; (3) excessive operating costs; (4) low 
capacity; (5) necessity for highly skilled operators; and (6) great oper- 
ating hazards (fire, injuries, etc.). Centrifugal separation is usually 
carried out with two types of centrifuge: fl) the continuous, and (2) the 
batch. The relative specific gravities of the components in the centri- 
fuged system determine their direction of motion. In the one, a con- 
tainer is filled with the liquid and rotated, if the particles have higher 
specific gravities than the liquid. They move until they are held firmly 
at the bottom of the container before any separation can be measured. In 
the other, the liquid is passed continuously through a rotating cylinder 
and drawn off from a point near the center of rotation. While the cen- 
trifuge is still in motion, a separation can be seen, according to Ayres, 
when the particles have moved only a fraction of the distance to the 
bottom. The continuous centrifuge is considered to be the more useful 
type. The superiority of the continuous centrifuge is based on the possi- 
bility of handling larger volumes of liquids. When the volume is large, 
the liquid must pass rapidly through the rotor, and the time of action 
of the centrifugal force upon the disperse phase must be limited. Ayres 
considers that the time is dependent upon the stationary capacity of the 
rotor, and that the size of particles that can be removed within a definite 
time is limited. The time required for each particle of a given dispersoid 
to move from its position in a uniform distribution to its equilbrium 
position is constant.^® 

In studying the principles underlying the law of distribution, Ayres 
found the concentration to be greatest at the bottom and to vary in an 
exponential manner with the height, according to Perrin^s law, expressed 
by the equation: 

log, Co/C. = mgKxt 

where Co is the concentration of particles at the initial level O; C.., at 
the height x\ m, the mass of the particle; (7, the acceleration of gravity, 
and K, a constant. The centrifugal force fxg at any point, rc, is a func- 
tion of X involving the centrifugal force at the periphery. The general 
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expression for distribution of particles in case of centrifugal force has 
been formulated by Ayres as follows: 

log# Co/Cb = mfxgkx. 

The highest commercial centrifugal force applied is 50,000 times gravity 

As stated by Ayres, the determining factors of the centrifuging proc- 
ess are: (1) not too high a viscosity of the continuous phase, otherwise 
the subsidence is too slow; (2) a certain minimum size of particles deter- 
mined by the viscosity; and (3) the gravity differential -between the 
dispersoid and the dispersing medium. 

A poly-disperse system, containing particles of several degrees of 
dispersion, can be accurately fractionated with various degrees of cen- 
trifugal force. Ayres actually succeeded in showing that if a separation 
is impossible with a lower force even over a long period of time, it can 
be secured in a very short time by a more powerful machine. An emul- 
sion of crude oil containing 9 per cent of water, when diluted with gaso- 
line and subjected to a force of 1700 times gravity, gave 0.9 per cent 
water separation within 30 minutes. The percentage recovery was not 
increased by extending the time to five hours. When the same mixture 
was passed through a high-power centrifuge at a rate equivalent to less 
than one minute for separation, the yield of water was 8.8 per cent. 

Ayres pointed out an interesting fact that the highest centrifugal 
force causes no greater degree of coalescence than gravity alone. He 
also noted that the small globules in a settled emulsion are packed by 
gravity into a space as small as they can be packed by the highest cen- 
trifugal force. Stable emulsions can only be sludged, not broken, by 
centrifuging. Many emulsions cannot be concentrated by gravity to con- 
tain more than 30 per cent of the disperse phase. Concentrated crude- 
petroleum emulsions rarely contain more than 65 per cent of water. The 
size of globules ranges from less than 0.5 /t* to 50 /a or more in petroleum 
emulsions. Photomicrographs show that great heterogeneity is the rule, 
rather than the exception, and is Unrelated to the concentration of the 
disperse phase. 

On the other hand, much more stable emulsions can be concentrated 
by centrifugal subsidence up to 80 per cent of the disperse phase. The 
advantage of the centrifuge over the action of gravity is pointed out by 
Ayres as follows: if, for example, the centrifugal force is 15,000 to 18,000 
times the force of gravity, separation by gravity will take 16,000 to 
18,000 times as long as by the centrifugal force. Kansas, Oklahoma and 
some Texas emulsions require the exertion of a centrifugal force of this 
magnitude to effect subsidence in a one-inch emulsion layer during a 
period of from 6 to 18 seconds, while for the force of gravity the time ele- 
ment is from 24 hours to 3 days. Ayres determined also that when con- 
ditions are such that a particle does not settle completely by gravity, 
centrifugal force will cause complete subsidence only in case the product 
of the mass in grams, the force in dynes and the constant 3 X 10‘^® is 
greater than or equal to 10. When the product is less than 10, only 
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partial subsidence takes place. A force of 60,000 times gravity can com- 
pletely remove particles as small as 3 /x/i, the separation requiring 30 
hours; but this limiting particle size is likewise a joint function of the 
gravity differential and the viscosity of the dispersing medium (d = 0.1 ; 

yj = 0 . 01 ). 

Sometimes the centrifuging is too slow, resulting in incompletely sepa- 
rated emulsions. Heat is of importance to centrifugal separation in that 
it decreases the viscosity of the oil, and also changes the gravity differ- 
ential. In some cases, heating an emulsion may induce coalescence, and 
may thus be a method for decreasing the stability of the stabilizing film 
at the interface. It is advisable, therefore, that the more stable emul- 
sions be centrifuged at high temperature in order to decrease the time 
required for complete subsidence. 

A complete resolution is accomplished by proper heating of the emul- 
sion or by centrifuging first at normal temperature, heating the concen- 
trated emulsion to effect coalescence, and then re-centrifuging. When 
large amounts of inorganic substances are present in the crude oil they 
must be removed from the emulsion before centrifugal separation can be 
carried out, and this involves heating, settling and treating with chemi- 
cals, followed by centrifuging. Crudes of very high viscosity cannot be 
dehydrated economically by centrifuging. The number of recommended 
reagents to be used in connection with centrifugal treatment's very 
large.^^ Soluble colloids, ordinary soap, resin and naphtha soaps, starch, 
glue, albumin, casein and sodium resin soap have proved to be most 
effective in the case of water-in-oil emulsions. 

The continuous centrifuge is considered superior to the non-continuous 
type, particularly with reference to handling liquids in commercial quan- 
tities. In this case the highest centrifugal force applied was 40,000 times 
gravity, and the maximum time for the lowest practical rate of contin- 
uous flow was found to be about 20 minutes. One per cent suspensions 
of particles of various densities in liquids of various viscosities have been 
completely separated by the use of a continuous centrifuge according to 
the following table: 

Tabic 4 


Size of Paiticic 

Viscosity 

d = 1.00 

1.00 mm 

.0001 


3.0 mm 

.001 


10.0 MM 

.01 


30.0 MM 

.10 


0.1 M 

1.00 


0,3 m 

10.00 

d = 0.01 

10.0 MM 

.0001 


30.0 MM 

.001 


O.lM 

.01 


0.3 m 

.10 


1.0 m 

1.00 


3.0 m 

10.00 


When the volume is great, the liquid must pass through the rotor quickly, 
for the time during which the centrifugal force can act on the dispersoid 
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is limited (the time in each case is dependent upon the stationary capacity 
of the rotor) . For instance, if 10 liters of a liquid flow through a rotor 
before the level is high enough to overflow or discharge, it is apparent 
that the time in minutes during which each unit of liquid remains in the 
rotor will be equal to the rate of flow in liters per minute divided by 10. 
However, the actual time is less than the quotient obtained by an inter- 
val, depending on the mechanical arrangement of feeding, the amount 
discharged, etc. The capacity of a high-speed centrifugal rotor is limited 
in practice by the strength of the material to be centrifuged, but the 
degree of centrifugal force exerted has not yet reached any such practical 
limit.^* 

De Laval separators do not find ready application in the petroleum 
industry. The Sharpies supercentrifuge is another separator used in 
dehydration practice by centrifugal treatment. The advantage of this 
machine over the ordinary type lies in the increased speed, as well as in 
a special construction of the rotor, which increases the time during which 
the centrifugal force acts upon the material under treatment. The super- 
centrifuge operates on the principle of the cream separator and consists 
of a small elongated cylindrical bowl, capable of being rotated at 18,000 
revolutions per minute. This bowl has a diameter of 4.5 in, is 30 in long, 
weighs 36 lbs, and is driven by a turbine or motor, through a vertical 
shaft or spindle. Inside the bowl is a three-winged vane, which prevents 
losing some of the centrifugal effect caused by slipping of the liquid rela- 
tive to the bowl. Broadtent described a type of steam-driven, bottom- 
discharge centrifuge and an electrically driven centrifuge for separating 
liquids of different specific gravities. deKadt^®^ stated that Mexican 
raw oil emulsions with 50 per cent or more of water may be cleaned 
within 30 to 60 minutes at 35,000 to 40,000 revolutions per minute in a 
supercentrifuge. 

According to Killeffer,^®® centrifuges are used for the separation of oil 
and gas. The separation of water from gas-tar emulsions by centrifuging 
is reported by Hauschildt.^^® Prater considers the separation of water 
from gas-tar emulsions (from coal-tar distillation) more difiicult than 
from illuminating gas-tar emulsions. Prater used a Sharpies supercentri- 
fuge which resolved the emulsion into tar, water, and a layer which 
remained in the centrifuge, while the tar and water flowed out separately. 
The emulsion containing about 46 per cent of water enters the centrifuge 
at 80® F. The dehydrated tar does not contain more than 1.25 per cent 
of water. The reason for the formation of an emulsion was assumed to 
be due to the highly polymerized tarry or resinous material; the centri- 
fuged tar and water alone do not form stable emulsions. However, Rob- 
erts reports that his experience with gas-tar emulsions indicates that 
centrifugally resolved tar emulsifies quite easily with water. Sharpies 
Specialty Co.^®® claim a centrifuging method, comprising three or more 
phases, for the resolution of complex emulsions. In this process, separa- 
tion is effected with discharge of the intermediate phase, including the 



378 


EMULSIONS AND FOAMS 


heaviest, and recovery of substantially all the lightest part. The stability 
of the emulsion comprising the intermediate phase is reduced and its 
resolution produced by centrifugal subsidence. 

Sharpies Specialty Co.,*®* in order to break a petroleum water-in-oil 
emulsion, adds about one per cent of a mixture of sodium resinate, resin 
and water, and then centrifuges. In the case of an oil-in-water emulsion, 
a solution of calcium oleate, in equal parts of alcohol and glycerin, is 
used, to which about 0.5 per cent of gelatin is added ; the solution is then 
centrifuged. Sharpies Specialty Co. patented still another dehydra- 
tion process in which the mixture entered a decantation chamber and 
settled by gravity, passed into a separator and the output was led into a 
centrifuge. The material floating over in the decantation chamber is 
united with that obtained after centrifuging. Wright,®*® when dehydrating 
an oil, atomizes it with a stream of hot water against a rotating, inclined 
plate. The oil is separated from the impurities by centrifuging. Emp- 
son used a centrifuge so constructed that the emulsion is first treated 
in the zone of maximum centrifugal force, whereby the coarse impurities 
and a certain portion of the water is precipitated, and the emulsion 
passed through a filter composed of a layer of sheets of paper or other 
suitable material, in order to separate the colloidal and other suspended 
substances. 

Haynes, Marx and Rozies developed a method for the purification 
of oils containing suspended colloidal substances, whereby centrifuging 
and electrical precipitation were combined in one apparatus called the 
electro-centrifugal separator. By treating this oil for five minutes with 
an electric field having a strength of 40,000 volts and centrifuging the 
liquid at a speed of 2700 r.p.m., they succeeded in obtaining an optically 
pure oil. Westinghouse Co.®*^ used a special centrifuge chamber for the 
dehydration of oils. Green and Ogden patented a centrifugal sepa- 
rator especially suitable for liquids with little difference in their specific 
gravities. Aktiebolaget constructed a centrifugal separator similar to 
the Sharpies centrifuge. The German centrifuge of Heine Viersen Bros, 
and the Triumphator centrifuge are also similar to that of Sharpies. 

In the Breckenridge field, where a high-gravity parafiSn-base oil was 
produced, the resulting emulsion was subjected to centrifugal treatment. 
A capacity of 250 barrels per 24 hours was easily maintained. In the 
Kansas fields and some parts of Oklahoma where a different type of 
emulsion was found, the production was as low as 50 barrels per day. 
Complete dehydration has been claimed in the case of emulsions from 
the Osage district. At present, not a single centrifuge is used in any oil 
field of the United States for the purpose of treating crude-oil emulsions. 
The last centrifuge used as an oil-field crude-oil dehydrating device was 
abandoned at Robberson, Oklahoma in 1926. The current use of cen- 
trifuges is in refining practice. Supercentrifuges are used for deparaffina- 
tion and the production of vaseline, as well as in the refining of used 
lubricating oils and for similar purposes. 
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Refining Processes and Methods of Preventing 
AND Resolving Emulsions 

In certain processes for the refining of crude petroleum, there exist 
conditions which assist in the formation of emulsions; in other refining 
processes continuous emulsification is prevented. Insofar as refining 
processes are often accompanied by emulsion formation, it is important 
to choose correct methods for the refining of petroleum distillates in order 
to avoid their formation. The breaking of emulsions formed during the 
refining process may sometimes cause more trouble than the refining 
process itself. There arc several reasons for the formation of emulsions 
when treating petroleum products. Most frequently the formation of 
emulsions is related to compounds produced when washing with alkali. 
These substances include complex compounds of sulfuric acid, such as 
sulfonic compounds and naphthenic acids. These combine with sodium, 
magnesium and calcium, forming soaps w^hich assist emulsion formation. 
Strong alkaline solutions for refining are to be avoided, for soaps soluble 
in oil may be readily salted out. 

Refining is best carried out at low temperatures, using strong alkalies, 
but the tendency toward emulsion formation suggests the contrary. Neu- 
tralizing the refined distillate with alkali, as well as washing it with 
water, causes emulsion formation. Vigorous mixing or stirring during 
neutralizing or washing should be avoided because of emulsion formation. 
Distillates treated with fuming sulfuric acid, when subjected to further 
refining, show a strong tendency toward emulsification. Overtreatment 
with sulfuric acid, either by addition of excessive quantities of acid or 
too rapid addition of the acid, too vigorous agitation, or improper tem- 
peratures, may be responsible to a great extent for the emulsification of 
stocks that have been acid-treated. Straight-run gasoline and some 
kerosene will emulsify because of the formation of a soap, resulting from 
a combination of mineral elements in the wash water and the derivatives 
of sulfur or naphthenic bodies naturally present in the oil and formed by 
the reaction. Gruse,^®® in his book, states that relatively high tempera- 
tures, just below the initial boiling point, during treating and alkali wash- 
ing, are considered good practice. In all probability certain of the sul- 
fonic acids formed during the acid treatment, which are excellent emulsi- 
fiers, are decomposed at this temperature. 

Refining processes may be divided into the following classes: (1) 
refining with acids, sulfuric acid being principally used; (2) refining with 
alkalies (sometimes heat and pressure are used additionally) ; (3) refin- 
ing with various salts, as well as organic liquids ; (4) refining by the 
oxidation of crude products, using oxygen obtained from the air; and 
(5) refining by the use of various adsorbents, which process finds the 
largest application. 

The action of sulfuric acid on petroleum may be utilized in refining, 
and particularly in separating large amounts of resins and tars. Gur- 
witsch found that sulfuric acid reacts with a resin, forming a very 
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labile compound which splits off acids on standing. The addition of 
5-per cent sulfuric acid at room temperature is sufficient to refine petro- 
leum. On the other hand, a considerable part of the petroleum is thus 
polymerized. This polymerization occurs at the expense of the unsatu- 
rated hydrocarbons which partially dissolve in the sulfuric acid. The 
high-boiling fractions (300°) of petroleum arc almost always adsorbed 
by sulfuric acid. But, in spite of the removal of these high-boiling frac- 
tions, petroleum treated with sulfuric acid is not essentially richer in 
low-boiling hydrocarbons as compared with crude petroleurft. Zalozet- 
sky explains this fact by the formation of polymerized hydrocarbons 
of a high boiling point. The refining of petroleum with sulfuric acid has 
a good effect on lubricating oil distillates. Because of polymerization, 
the lighter lubricating oil distillates arc converted into the heavier distil- 
lates, acquiring a higher viscosity and separating in a purer state than 
from the crude petroleum. If heat and pressure are applied in the treat- 
ment of petroleum in sealed tubes, changes occur in the petroleum. 
Petroleum distilled at 300°, when compared with petroleum not distilled, 
shows a decrease in the ingredients adsorbed by sulfuric acid, whereas 
the formation of unsaturated products would be expected, as well as an 
increase in soluble ingredients. The fact that products become insoluble 
indicates that the hydrocarbons are polymerized or isomerized by heat 
and pressure, and this causes them to become non-reactive with and 
insoluble in sulfuric acid. Saturated hydrocarbons not of the paraffin 
series are converted into unsaturated hydrocarbons, and naphthenes into 
olefins. On the other hand, another type of isomerism between naph- 
thenes and olefins may be expected, namely, the so-called dynamic isom- 
erism set forth by Berthelot.®® 

In the case of sulfuric acid treatment, the entrance of the sulfo- group 
into the molecule must be taken into consideration, sulfo-acids being 
formed. According to Gurwitsch,^®® sulfo-acids, in contrast to naphthenic 
and fatty acids, are soluble in water not only in the form of alkali salts, 
but also as the free acids; their solutions appear to be of a colloidal 
character and may be readily salted out from aqueous solutions. Acid 
petroleum distillates cannot be emulsified with alkali solutions, but they 
can be emulsified with pure water, and much more readily the larger the 
amount of sulfo-acids formed during refining. Distillates treated with 
fuming sulfuric acid show a strong tendency toward emulsion formation. 

Veith states that petroleum, after refining, shows a certain tur- 
bidity due to the presence of organic salts and sulfo-acids formed during 
refining with sulfuric acid. He also indicates that this turbidity may be 
eliminated by treating the refined oil afterward with alkali. Because of 
an increase in the formation of sulfo-acids, the refining of distillates 
readily results in emulsified hydrocarbons. Koetschau ^^2 believes that 
Roumanian oils are difficult to refine because they contain both aliphatic 
and aromatic hydrocarbons. 

Demant refines hydrocarbons by treating them with sulfuric acid 
of such concentration and at such temperature that sulfonation of the 
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hydrocarbons does not occur; the polymerized products which are insol- 
uble in the acid remain dissolved in the hydrocarbons. Naphtha, the sol- 
vent used, is refined with sulfuric acid (46-48° B4) at 110° for a few 
hours, and the acid is drawn off from the solution; the naphtha is neu- 
tralized and then distilled with steam; phosphoric acid may be substituted 
for sulfuric acid. Edeleanu claims that liquefied sulfurous anhydride 
may also be used in refining petroleum. Dunstan suggested refining 
mineral oils by treating them with chlorine in the presence of water, 
washing with an alkaline solution, and distilling until the distillate has 
a density of 0.720. Smith patented a method for refining petroleum 
containing sulfur. This method consists in heating petroleum to its boil- 
ing point with a substance of the terpene series, after which the mixture 
is cooled and further subjected to refining with sulfuric acid. 

Nastjukow^®® discovered quite an interesting reaction between sul- 
furic acid and petroleum when formalin is added. When sulfuric acid 
and formalin are added in the volume ratio of 1: 1:1/2 to the refined 
petroleum, an energetic reaction takes place, with the formation of a 
solid product, phenylformol, or 'Tormolite.^^ This is a yellow-brown, 
amorphous compound, insoluble in the ordinary solvents. The amount 
of formolite formed increases with an increase in the boiling point of the 
distillate. Different types of petroleum produce definite amounts of 
formolite: Russian naphtha, 6-38%; Teaghane, 17-18%; Ssurachan, 5%; 
Grozny, 23-24%, and Bibi-Eibat, 37-38%. 

Very often alkali treatment is not a refining treatment in itself, but a 
second step in refining with acids. Wischin,®^® at the end of the acidifying 
process, treats the product with one per cent of 30° B6 sodium hydroxide. 
The writer points out that this kind of treatment is suitable only for 
Russian distillates and does not approve it for Galician, Hungarian and 
Roumanian oils. Treatment with alkali finds application in removing 
odors from petroleum, as well as from its distillation products. Weber 
admixes pungent ethereal oils, such as turpentine, citron, lavender and 
pine and agitates them with sodium hydroxide while heating. Substances 
emitting unpleasant odors are considered to be unsaturatcd hydrocarbons 
having properties similar to those of dicyclopentadiene. These hydro- 
carbons, together with the terpenes, are condensed by means of alkali, 
rendering them non-odoriferous; they are precipitated out or remain 
dissolved in the benzene, with the odor of the ethereal oils predominating. 
Stelzer ®®® claims that ethereal oils used in refining petroleum have the 
property of adsorbing oxygen from the air and of conveying it to the 
impurities contained in the petroleum, rendering them resinous. The 
resins so formed are treated with sodium hydroxide or concentrated sul- 
furic acid, and then removed. 

In the Nizhniy-Novgorod refinery the crude oil is subjected to a pre- 
liminary caustic treatment. A saving of 42 per cent of acid, 75 per cent 
of caustic and 55-65 per cent of refined products is thereby obtained. 
The procedure is as follows: the oil is passed through fuel-oil heat 
exchangers and towers heated with steam coils up to 65-70°; then it is 
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passed through a pipe having inlets for a dilute NaOH solution, which 
is injected into the pipe and accompanies the crude oil during its passage 
through a section of the pipe. The crude oil and dilute caustic are 
received ha a heated settler, and the oil is passed directly into the Borr- 
mann stills, while the dilute NaOH is brought up to 4-6° Be NaOH and 
used again. Because of the presence of saponified petroleum fractions in 
the water, emulsions were not formed. The consumption of NaOH 
amounted to 0.266 per cent and the loss in oil was 2.42 per cent. The 
refined products are claimed to be of a higher grade than those obtained 
in the usual procedure.^®® 

An apparatus to be used for refining hydrocarbon oils, either with 
acids or alkalies, has been described by Skinner.'*'^'^ Into a series of 
receivers under pressure and connected with each other by tubes, sulfuric 
acid is led in a direction opposite to that of the oil, both of which are 
mixed by a stirring arrangement. The acid is washed out by a flow of 
water and the oil is treated with alkali. The treatment with strong sul- 
furic acid is fa\orable in removing, through coagulation by agitation, the 
colloidal asphaltic matter contained in the crude oils, as well as the yellow 
coloring matter in benzene, kerosene, and other distillates, which is 
caused by a tar fog mechanically carried over. 

Riitgerswerke utilizes organic bases soluble in watgr, such as 

the salts of pyridine or the homologs of the primary, secondary, or ter- 
tiary amines of the aromatic series, to refine tar and tar oils. Two layers 
are formed, one of which contains the neutral oil and the other the salt 
and the phenols. Bidrewicz uses alcohol in refining petroleum distil- 
lates to avoid the formation of emulsions during the refining of Baku 
Solar oils. The treatment with alcohol follows the addition of sulfuric 
acid. The oil is refined with sulfuric acid, heated to 50°, mixed with 
0.26 0.30 per cent alcohol, agitated for one hour and allowed to stand. 
Sulfo-acids are then drawn off and the oil is washed. Solar oils give 
about 7 per cent of sulfo-acids which possess emulsifying properties in 
alkali, as well as in acid and neutral aqueous solutions (hard water). 
In this sense they are equivalent to fatty acid soaps. 

Hiitz 251 refines petroleum hydrocarbons by heating them slowly up 
to about 230°, and distilling off the solvents with alkali metals in the 
presence of organic substances containing oxygen, neutral solutions such 
as alcohols, aectone, aldehydes, or treating directly with these alkali 
compounds. After cooling, air is blown through and the oil is separated 
from the precipitated impurities, by decantation or filtration. According 
to Schwarz,^®® crude petroleum may be refined with salts of organic or 
inorganic acids, as well as with phenolates either in solid form, or as 
solutions in such concentration that impurities precipitate and separate; 
simultaneous application of acids such as naphthenic acids, which form 
salts or soaps with these bases, is also effective. The oil so treated does 
not undergo any changes and the impurities are removed. Soap-like 
substances, as well as large amounts of alkali, can also be used; a refined 
oil free from soap is formed. Hinrichs 2^2 recommends treating crude oil 
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with a liquid fatty acid dissolved in carbon tetrachloride, to free it from 
foreign substances; the mixture is warmed and allowed to stand until 
separation is effected. 

Petroleum and its distillates are also refined with electrolytes. 
Mony^^® distills petroleum hydrocarbons with small amounts of acetic 
acid, hydrochloric acid, or ferric sulfate, as well as potassium hydroxide 
and sodium hydroxide. Petroleum distillates, such as kerosene, are 
slowly distilled, with the addition of such substances as ferrous sulfide, 
antimony trisulfide, potassium carbonate, sodium carbonate, or calcium 
chloride, which facilitate their cracking.®^® If necessary, the distillation 
is repeated with the addition of antimony chloride, potassium tartrate, 
or potassium carbonate. McClave ®®® mixes crude petroleum with man- 
ganese dioxide and potassium chloride, and after stirring the mixture a 
little, allows it to stand for from one to two days. The impurities settle 
to the bottom. 

Petrow^®® purifies petroleum by oxidizing the crude products with 
oxygen from the air and then treating with 65-70-per cent sulfuric acid, 
using heat and pressure to separate the unsaturated hydrocarbons in the 
form of polymerized products. Highly viscous oils are converted into 
non-viscous oils by refining. Brownlee and de Ganahl heat oils by 
leading them through a series of kettles or rotating retorts. The vapors 
formed are withdrawn from each blast and condensed separately. Heat- 
ing is best conducted under 3 to 5 atmospheres^ pressure. Refining is 
sometimes carried out successfully by allowing the oil to flow in thin 
layers over heated metallic tubes to remove the water and volatile sub- 
stances which it contains.^®®* 

Societe Anonyme des Petroles^®^ patented a method and built an 
apparatus for cracking heavy oils. The oil is heated by means of electric 
heaters arranged in parabolic reflectors. Simultaneous heating, distilla- 
tion and refining of the products distilled is thus made possible. Conden- 
sation of the distilled products is made under pressure, as well as under 
ordinary atmospheric pressure. In order to separate petroleum from 
lubricating oils, Riolland^®® atomizes the heated mixture into a gas or 
the vapor of a liquid not miscible with any ingredients of the mixture, 
then passes it into a tube with many subdivisions or zones in which the 
temperature decreases stepwise, where the single fractions settle out; 
the last zone is cooled with a spray of cold water. 

Adsorption on specific adsorbent surfaces plays an important part in 
the refining of various distillates. For refining purposes, various earths 
and minerals, such as fuller^s earth, china clay, alumina, magnesite, iron 
oxide; alkaline-earth oxides, such as calcium and magnesium, bentonite, 
silica gel, and bone ash; and carbonaceous materials, such as coke, coal, 
charcoals of various origins, bone black, and blood charcoal have been 
used. Adsorbents are more or less highly specific in their action and 
hence must be chosen with due regard to the material to be adsorbed. 
What actually occurs by an adsorption refining of petroleum is decolor- 
izing, desulfurizing, and separation of unsaturated hydrocarbons. Fuller’s 
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earth, for instance, as proved experimentally by Gilpin and Schnee- 
berger,^®^ allows paraffins and saturated hydrocarbons to pass through 
freely, adsorbing bitumens, aromatic hydrocarbons, sulfur and nitrogen 
compounds. 

Herr made an interesting observation by filtering Baku oil through 
fuller^s earth. He found that the unsaturated compounds reacting with 
formolin (formolite-forming compounds) were adsorbed on the mineral 
gel and could not be recovered unchanged. The close contact afforded in 
the adsorbed layer promotes condensation and polymerization processes. 
That adsorption can be accompanied by purely chemical processes, such 
as polymerization of unsaturated compounds, has been pointed out by 
Gurwitsch.2®^ For example, amylene can be changed to dipentenes and 
other compounds by the action of hydro-silicates. Fuller’s earth and 
charcoal act similarly. Hexylene was found to behave in the same way. 
Gurwitsch was able to show that Floridin produces active polymeriza- 
tion when brought into contact with pinene, resulting in a considerable 
increase in temperature. After the adsorption, pinene is converted into 
sesqui- and polyterpenes. Gurwitsch also showed that Floridin adsorbs 
solid paraffin from solution in petroleum spirit and benzine, but not from 
lubricating oil. Again the specific action of an adsorbent is emphasized. 

Floridin also has a desulfurizing action on benzine, but has little 
effect on the sulfur compounds occurring in lubricating oils derived from 
the same crude petroleum. The adsorption capacity of Floridin finds 
application in removing highly unsaturated hydrocarbons, such as olefins 
and diolefins, with their characteristic odor. Since they tend to resinify, 
the diolefins subjected to the adsorption conditions of the refining oper- 
ation carried out with spirit in a vapor state are polymerized to high- 
boiling products, setting free the spirit. 

Kambara earth,®® a mineral containing hydrated silica, is also an 
effective adsorption material. It decolorizes crude petroleum and adsorbs 
unsaturated hydrocarbons therefrom. Gowalowsky ^®^ recommended fib- 
rous alumina as an adsorbent. The freshly ignited, precipitated alumina 
is particularly effective as a decolorizing agent for petroleum and its 
distillates. Hydrated silica or alumina is effective after the combined 
water has been driven off, but it is not generally so. Concerning the rela- 
tionship between the chemical composition of the material and its 
adsorption properties, little is known. Bodies of dissimilar chemical com- 
position may act equally effectively as decolorizing agents. The deter- 
mining factors in adsorption effectiveness are extent of the surface, degree 
of fineness of the adsorbent and composition of the material. The tem- 
perature at which the adsorbing surface exerts its specific action should 
also be considered. 

Gilpin and Schneeberger ^®^ state that on passing California crude 
oil through fuller’s earth, a small fractionation effect was noticed at 20®, 
and a much better result was obtained at 70®. Bauxite, gently agitated 
with kerosene or benzene, shows a very characteristic behavior, as 
described by Bancroft.®^ A process of peptization takes place, for a 
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considerable amount of material in a fine suspension is dispersed in the 
petroleum. The suspension is fine enough to pass readily through a 
filter paper. The activity of bauxite, as stated by Dunstan,'^© is a func- 
tion of temperature. Bauxite which has been ignited and cooled in a 
vacuum desiccator loses its power to adsorb sulfur derivatives from 
kerosene. . When freshly ignited, bauxite possesses a ])()wcrfiil adsorptive 
action, in accordance with the ^^exponentiaP^ adsorption equation 
a == a where a is the adsorbed amount expressed in milli-mols per 
gram; a and n are constants; and C is the concentration af the solution 
in mols per liter. The lost activity may be regained by heating to 200*^. 
Heat also appears to be evolved by the adsorption process. Thus a 
20° increase in temperature was observed by passage of 100 cc of kero- 
sene through 50 g of bauxite. 

Knowling refined petroleum by filtration through activated carbon 
mixed with silica gel. Cross washes the material to be refined with 
sulfuric acid, with cooling, and then subjects it to the action of an adsorb- 
ent, such as a highly active gel, containing substances which react with 
the sulfur. Elsenbast and Horine state that there are three kinds of 
diatomaceous silica which may be used in refining processes: (1) one 
containing 89 per cent SiO^ and 5 per cent moisture; (2) a so-called 
^^standard silocer^; and (3) hyflo-supercel, which is practically dry and 
contains about 95 per cent Si02. These products, admixed with the oil to 
be refined, remove turbidity, salts, paraffins and moisture when filtered 
through a cloth. 

Meyer reports a “Miller’’ silica gel prepared by taking molecular 
proportions of water glass and sulfuric acid, mixing together and washing; 
a hard, glass-likc product, similar in appearance to quartz and silica, 
is obtained. This product is porous, the pores being distributed uniformly 
and occupying 41 per cent of the total volume. The selective adsorption of 
this product lies in its ability to adsorb sulfur compounds from petroleum.* 
The gel, saturated with impurities adsorbed during refining, can be 
reclaimed by heating or roasting. 

There are a number of refining patents which disclose the use of 
molten metals.^®®®* A decomposition catalyst, oUch as an alloy of tin 

containing less than 10 per cent of antimony, has been described by 
Hessle.2®® The hydrocarbons to be refined are allowed to flow toward 
an oncoming current of gas under pressure, resulting in the formation of 
a thick oil mist which is led through the melted catalyst. 

Separation of the salts present in crude-oil emulsions is important, 
bjecause they cause corrosion of equipment, plug and cause overheating 
of tubes, and unfavorably affect refining operations and refined products. 
For the analytical extraction of salts the separatory funnel methods may 
be used ; these are based on the use of solvents alone or both solvents and 
demulsifying agents. As solvent acetone and sometimes benzene are 
used. Solvents are chosen to decrease the viscosity of the oil, increase 
the gravity differential between the phases, and to counteract the effect 
of emulsifying agents. The use of small amounts of suitable demulsifying 
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agents is recommended to secure more complete separation of phases, 
to cause destabilization of the interfaces of particles of dispersed salts, 
and to prevent permanent emulsification of the particles of the aqueous 
extract, so that subsequent settling yields a clean oil/water interface. 
The chemical is added either before or after the water. The oil is mixed 
with benzene or xylene containing the demulsifier and the mixture is 
vigorously shaken with water. The use of xylene is preferred to that 
of benzene on account of its higher boiling point, lower specific gravity, 
and better solvent power for most hydrocarbons. The centrifuge method 
is superior to simple settling methods because evaporation, volume losses, 
etc. are avoided, but the chief disadvantage is its expensive equipment. 
If only a solvent is used, then, before centrifuging, the oil, the solvent 
benzene and hot distilled water are mixed and vigorously agitated. The 
demulsifying agent is either mixed directly with the oil to destabilize the 
emulsion present, or added with diluents and water. The mixture is 
transferred to centrifuge tubes, the emulsifier rinsed with acetone and 
added to the tubes. For removing the water after centrifuging, a 
separatory funnel is used: or the water is pipetted off from the tubes and 
the tubes recentrifuged."*^^® 
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Chapter 4 

Practical Knowledge of Emulsions 

Asphalt and Bitumen Emulsions 

tntroductioa 

Hydrocarbon emulsions have broad application, asphalt or bitumen 
emulsions and lubricating oil emulsions being those of greatest interest. 
Although used principally for road building, asphalt emulsions are exten- 
sively used in making paints, in water-proofing paper, in concrete, etc. 

The paving uses of asphalt in the United States are as follows: (1) 
as priming and bonding coats in resurfacing; (2) in macadamization; 
(3) for bituminous and gravel roads; and (4) for cold patching and 
maintenance work. In other countries, particularly European, asphalt 
is used principally for highway construction and maintenance. There 
are three principal methods of use of asphalt and asphalt emulsions; 
(1) the surface method; (2) the penetration method; and (3) the mixing 
method. For resurfacing, either the mixing or the penetration method 
is the most acceptable. Emulsified asphalts were originally applied for 
laying dust on highways. 

In applying asphalt emulsions to paint purposes, the character of 
films formed by spreading these emulsions must be considered. Films 
of emulsions of the water-in-oil type containing but little protective 
colloid, and characterized microscopically by the absence of any net-like 
or cellular structure, display a resistance to water comparable with 
that of oil films, since films containing much water-soluble colloid, or of 
the oil-in-water type, become cloudy or disintegrate completely.®® 

Aside from road work, the use of bitumen or asphaltic emulsions 
serves other purposes, such as roofing, damp-proofing, water-proofing, 
paint, pipe coatings, plastics, mastics, anti-corrosives. The asphalt 
may be used alone or in combination with pigments, fillers, fibers and 
other organic and inorganic substances. 

Any type of roof may be treated with an asphalt emulsion by means 
of a spray, brush or squeegee. All tiny cracks will be filled, all porous 
materials will be saturated and an impervious film of asphalt will spread 
over the surface. Built-up roofs may also be made, and the fluidity of 
the emulsion does away with the fire hazard and the equipment needed 
to apply hot bituminous substances. 

Asphalt emulsions, instead of water, may be used in gaging cement; 
an increase in the setting time and only a 0.4 per cent decrease of strength 
are brought about. When the gaging solution is made by diluting asphalt 
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emulsion with 15 volumes of water, the effect of preventing the penetra- 
tion of water at 1 atm pressure is sufficiently great. By diluting the emul- 
sion with 20 volumes, the penetration of water is entirely prevented under 
2 atm pressure, and for a considerable length of time even under 4 atm 
pressure.2®^ 

Whether or not a crude oil is suitable for preparing asphalt depends 
wholly on its chemical composition, and particularly on its asphaltic 
content. Asphaltic hydrocarbons cither exist as such, or are obtained 
through polymerization, condensation, sulfonation, or oxidation. Abra- 
ham ^ classifies crude oils from Texas, Louisiana, California, Mexico, 
Venezuela, Trinidad, Colombia, Peru, Argentina, Sakhalin, Kurakawe 
and Niitzu as “asphalt-base'^ oils. Saturated hydrocarbons which are 
not readily polymerized arc unsuitable for direct production of asphalt; 
however, by the action of high temperatures and high pressures, they 
become unsaturated and are converted into asphalt by polymerization or 
oxidation. This conversion is due in part to a change in the chemical 
composition of the hydrocarbons involved, and is observed in all crack- 
ing processes. Organic theories concerning asphaltic bitumen assume that 
cither oxidation, polymerization, or dehydrogenation alone is suflScient 
to explain the phenomenon. Formation of dissociation groups from the 
hydrocarbon, e.g.j :CH:CH2, is assumed. By the oxidation of the dis- 
sociated radicals, carbon may be formed.^^^ Oxidation of paraflSnic 
hydrocarbons gives fatty acids containing one-half the original number 
of carbon atoms, but non-paraffinic hydrocarbons yield water, carbon 
dioxide and carbon monoxide. Asphalt is prepared by oxidation of a mix- 
ture of distillation residues, freed from lubricating hydrocarbons, and a 
highly viscous cylinder oil of 190 sec. Saybolt at 210° Fine-grained 
asphalt may be obtained when melted asphalt at a temperature of 105- 
260°, depending upon the softening point, is mixed with a liquid hydro- 
carbon boiling below 0°, for example, propane. On entering tlie receiver, 
propane evaporates and fine-grained asphalt drops to the bottom.^^® 
Murez states that asphalt may be prepared from mazout distillate 
residues, treated with dehydrating agents, at high temperature, with 
stirring; the unsaturated compounds formed are polymerized to asphalt- 
like substances by further heating without cracking. Nellensteyn 
pointed out that the cracking process should not proceed to the separation 
of coke,®^ but that a limit should be set depending on the origin of the 
colloidal carbon in the organic protective medium. Therefore, asphalt 
is to be considered as a stable oleosol. 

Standard Oil Co. (McConnell 2®®“) prepares asphalt of better quality 
from distillation residues of petroleum by treating witli oxygen-con- 
taining gas at 400-550° F. Catalytically acting substances containing 
an acid-forming element are introduced into the mass with the gas. 
The catalysts used are: SeS, SOCI2, SO2F2, POCI3, POF3, PSF2, and 
SiHFa. 

Berl’s experiments have shown that cellulose and other carbo- 
hydrates may be converted under definite conditions into asphaltic bodies. 
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On the basis of these results, Berl developed a theory of petroleum origin 
according to which asphalts are not the oxidation products of petroleum 
hydrocarbons, but originate from cellulose and other carbohydrates. The 
colloidal carbon particles are lyophilic, and are protected by a surrounding 
medium; because of the colloidal carbon, the color of asphalt is a dark 
chocolate brown. Wischin^^® attributed the dark color of the crude to 
an internal molecular rearrangement of the acid asphalt, and assumed 
that heavy hydrocarbons, such as asphalt and asphaltenes, were present 
in the oil in colloidal dispersion. 

Sherrick^®^ contended that the hydrated earthy material, which adsorbs 
the heavy asphalt of the crude oil, forms an oil-soluble colloid (similar to 
precipitated hydrous ferric oxide) , and that the water globules are encased 
in tough, elastic membranes of this colloid. Richardson found such 
an oil-soluble colloid in Trinidad asphalt, and reproduced it by mixing 
a water solution of a colloidal clay with asphalts and asphalt oils, driv- 
ing off most of the water by heat. Richardson further assumed that some 
of these processes took place during the formation of crude petroleum, 
leaving it charged with such an oil-soluble colloid, which later served as 
an emulsifier when the crude oil came into contact with water under con- 
ditions favorable to emulsion formation. It has been proved that when 
asphalt is removed by an organic solvent from the earthy material, it 
transforms that substance from an oil-soluble colloid to a colloid insolu- 
ble in oil, which loses its protective action in water-oil emulsions. These 
naturally occurring colloidal dispersions found in Trinidad asphalt 
contain about 25 per cent of finely divided mineral matter; but artificial 
mixtures of bitumen and dispersed clays can be made with a mineral con- 
tent as high as 60 per cent. 

Nellensteyn described asphalts as protected lyophobic sols, in which 
micelles forming the disperse phase are composed of hydrocarbons of 
high molecular weight and high carbon content, presumably enveloping 
nuclei of free carbon. It is assumed that the disperse phase is composed 
of asphaltenes insoluble in naphtha (86° Be). The continuous phase 
contains hydrocarbons of low molecular weight, which are soluble in 
naphtha (86° Be; petrolenes). 

Mack^®^ considered asphalts as sols of asphaltenes in a mixture of 
asphaltic resins and oily constituents (petrolenes). Asphalts, both 
natural and artificial and of various origins, possess varying ability to 
emulsify water. In this respect, asphaltic residues from crude oils are 
considered inferior to natural bitumens. Asphaltic bitumen, as well as 
asphalts, find wide application in spraying processes, for which they must 
be heated to very high temperatures to reduce them to a thin liquid; 
the emulsifying ability of asphaltic bitumen is of great importance in 
practice. 

Graefe and Fleck pointed out that the expression '^asphalt emulsion 
is incorrect, for the term ^^emulsion^’ is defined as an intimate mixture of 
two immiscible liquids. Asphalt, on the other hand, is a solid bituminous 
substance, a mixture of hydrocarbons, which exists in water as a suspen- 
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sion at ordinary temperatures. In Alexander's ‘‘Colloid Chemistry”* 
it is stated that asphalt in water forms emulsions and not suspensions. 

It has been ascertained that the consistency of a dispersed system, 
such as a bitumen emulsion, is regulated not only by the phase-volume 
ratio, but by alteration of the particle size or size distribution of the 
disperse phase. Terry, Gabriel and Blotte patented the production of 
a “pourable” fluid bitumen emulsion having high bitumen content by pro- 
ducing in the system both large and small dispersed particles. The low 
viscosity of the emulsion they interpreted by the packing effect of the 
large and small particles. Traxler 220 attempted to explain the mechanism 
by which the change in particle size distribution influences the consis- 
tency of the dispersed system. He stated that particles of various sizes 
in a dispersed system give a more compact mass for any given packing 
arrangement than do those of a uniform size. Since the volume of the 
continuous phase is the same in both cases and equals the volume of the 
interstices associated with the packed dispersed particles, the packing is 
looser in the system containing particles of various sizes, and this system 
is more fluid. In a system of lower consivstency there are fewer points 
of contact and larger films of continuous phase between the dispersed 
particles. Traxler prepared two bitumen emulsions, each composed 
of 60 parts by volume of asphalt dispersed in 40 parts of a dilute soap 
solution. Emulsion A contained particles of a quite uniform size (most of 
which were less than 1 micron in diameter) and had the apparent vis- 
cosity of 41.5 seconds at 25° C (Saybolt-Furol viscometer). Emulsion B 
contained droplets of asphalt most of which were 2 or 3 microns in 
diameter. The viscosity of this emulsion measured 36 sec. at 25° C. 

Emulsions A and B were blended in various proportions and the 
viscosity at 25° was determined for each mixture. The values are 
recorded in Table 1 and Figure 1. 


Table 1. Viscosity at 25° 


Volume Per cent 


Volume 

Per cent 


A 

B 

Sec. 

A 

n 

Sec 

0 

100 

36.0 

60 

40 

21.5 

10 

90 

23.0 

70 

30 

24.5 

20 

80 

21.5 

80 

20 

26.0 

30 

70 

20.0 

90 

10 

33.0 

40 

60 

19.5 

100 

0 

41.5 

50 

50 

20.5 





Although the various mixtures contain the same proportion of bitumen 
and soap solution, they are more fluid than the original component emul- 
sions because of their greater non-uniformity of particle size. 

Traxler and Coombs attempted to show that anomalous flow 
characteristics depend not only on the type of bitumen used, but on the 
temperature, method, and degree of processing to which the asphalt has 
been subjected. While some investigators assert that asphaltic bitumen 

’•'Vol. Ill, p. 543 . New York, Chemical Catalog Co., Inc. (Reinhold Publishing 
Corp.). 
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is truly viscous, others state that it exhibits non-Newtonian flow 
characteristics. If the flow characteristics of asphalt are complex, an 
exceedingly involved physical structure and chemical composition are 
indicated. The presence and degree of abnormal flow expressed in such 
characteristics as thixotropy, age-hardening, quasi- viscosity, and elasticity 
depend on the source of asphalt, degree of processing and temperature and 
rates of shear at which the measurements of flow are made. The rate 
of shear influences the physical structure of the system. AH types of 
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asphalt, whether viscous or not, show gradual formation of an internal 
secondary structure, which is unstable toward heat and mechanical influ- 
ences. Age-hardening is evidently proof that asphalts are of a colloidal 
nature. As a phenomenon, age-hardening is thixotropic in nature, because 
it has been found that, by applying high shearing stress in a rotating 
cylinder viscometer, the viscosity of an aged asphalt could be reduced 
just as it is done on heating. The average shearing stress applied was 
34,800 dynes per square centimeter, or 69,600 dynes per square centi- 
meter. 

Nellensteyn discussing the critical surface tension of asphalt 
bitumen and tar solutions, states that the ultramicroscopic investigation 
of asphalt bitumens indicates that such solutions appear as two-phase 
systems. When organic solvents are added, the disperse phase combines. 
But, in this case, precipitation in the colloid-chemical sense, not solu- 
bility, is involved. According to Limburg^s experiment, the inter- 
facial tension micelle/medium is essential to stability. This interfacial 
tension is not known. Antonow^s rule gives help in the choice of both 
flocculating and peptizing reagents. If yfig and 7/2? are the surface 
tensions of the two phases, then the interfacial tension is 7/1/2 = 7/1 gf 
— 7/2flf. A decrease in surface tension 7/2^ causes increase in the inter- 
facial tension, thereby decreasing stability. A coagulating agent always 
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possesses a low surface tension, while an asphalt bitumen micelle, in 
all probability, has a high surface tension. If solvents which are miscible 
with the medium, as well as with the stabilizer df the asphalt bitumen, 
were arranged according to the value of their surface tension, the rela- 
tionship between surface tension and flocculating, as well as peptizing 
action, would be apparent. The <T—t curve of asphalt bitumen and 
similar systems is significant in recognizing the relationship between the 
critical surface tension of an asphalt bitumen solution and that of the 
asphalt bitumen itself. 

For an effective coating, asphalt should penetrate but little, its 
principal function being to form a water-tight skin over the surface 
with which it is brought into contact. Practice indicates that the larger 
the asphalt particles, the heavier the asphalt skin and the smaller the 
coverage. The smaller the particles (the finer the distribution) the 
larger the surface covered by an equal weight of asphalt. The asphalt 
skin obtained from a finely divided emulsion necessarily contains more 
emulsifying agent per gram of asphalt and probably contains more per 
square feet of skin (this depending upon the relative increase of inter- 
facial area and of ^^skin” area, as particle size of the emulsified asphalt is 
decreased) . 

Emulsified asphalts consist in general of asphalt, 45-75 per cent; 
water, 25-55 per cent, and emulsifier, 1-10 per cent.^®® An accurate 
knowledge of the content and nature of soluble materials present in the 
water phase of an emulsion system is necessary, because electrolytes are 
intimately associated with the emulsifying process. Stable asphalt 
emulsions are similar to other types of emulsions in that they are pre- 
pared with soaps, clays and alkalies. There is a definite dynamic dis- 
persion characteristic of the asphalt-water system,^®® as well as a 
definite mode of action of the emulsifying agents in stabilizing the 
asphalt/water interface. 

Defining the degree of dispersion as the reciprocal of the average 
diameter X of the particles (expressed in microns) , Nasini and Rossi 
determined microscopically the size and distribution of the particles of 
bitumen emulsions. The degrees of dispersion were found to vary from 
0.25 to 0.50. In turn, the degree of dispersion has been considered as a 
measure of the index of workability. 

Asphalt-water systems, suitable for road work, must meet certain 
requirements, in the form of weathering ‘'tests.” They must remain 
liquid without separation for an indefinite period before application. 
Three or six months are usually considered sufficient, although more stable 
systems have been used. Mechanical stability and good penetration within 
ordinary limits are not the only characteristics bf a paving asphalt: 
resistance to the action of water, to destruction by freezing, and to crack- 
ing by contraction and expansion are also of importance. Asphalt emul- 
sions must flow freely under all weather conditions. They must break 
down soon after application, leaving a layer of pure asphalt which 
thoroughly covers and bonds the mineral aggregate. Certain emulsions 
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which must be dried in order to break down and become effective as a 
binder are not suitable as paving materials. The most successful 
asphalt emulsions are those which, when in contact with aggregates, 
break down when exposed to air. 

According to Ross,^®° most of the straight residual petroleums are 
either lacking in their ability to penetrate the surface of a road bed or, 
if they are sufficiently fluid to penetrate, they do not set or harden as 
rapidly as they should. Softer grades of asphalt cements show a con- 
siderable advantage, producing a mat surface by the addition of mineral 
matter. ^^Cut-back” asphalts are recognized as the most promising types 
among surface-treating materials. These are prepared by fluxing asphalt 
with gasoline or some heavier and less volatile distillate. ^^Cut-back^' 
asphalt sets rapidly after application, at times too rapidly to permit 
satisfactory penetration, particularly of gravel, shell, top soil or other 
road-bed materials. Gasoline is not as good a solvent for asphalts as are 
the heavier distillates, such as naphthas and kerosene. When relatively 
high flash-point distillates are used for cutting back asphalts, rapid 
hardening of the material must be prevented if good penetration is to 
be secured. The mineral aggregate of a road bed adsorbs the heavy 
asphaltic constituents, causing a separation which permits a portion of 
the distillate to penetrate further into the structure. Cracked residues, 
produced by the modern cracking process, yield asphalt from oils con- 
taining practically none originally. 

In general, it has been assumed that the production of paving 
asphalts from paraffin-containing crude oils is impossible, or at least very 
difficult. If asphalt is separated by refining rather than by distilla- 
tion, a slightly smaller amount of paraffin is found in it. Asphalt-con- 
taining mineral oil is subjected to distillation, first at ordinary pressure 
and then in a high vacuum (1 mm remaining pressure), and paraffin is 
determined in the distillate according to Heinze and Zwergel.^®^ 

Adhesion of asphalt emulsions to sand and mineral aggregates has been 
discussed by J. Jacksel.^®® 

Concerning the elasticity of asphalt, Marcusson pointed out that 
crude asphalts are similar to natural asphalt deposits. He also stated 
that crude oils with a high paraffin content, such as Pennsylvanian and 
Galician, have the least binding ability and the least elasticity. Richard- 
son is in accord with Marcusson. However, Abraham ^ and Haus- 
mann are of the contrary opinion, for they point out that no relation 
exists between the paraffin content and the quality of the asphalt, and 
that the paraffin content is of importance only insofar as it indicates the 
origin of the asphalt. Paraffin has never been found in asphaltene, 
seldom in natural asphalt, only in traces in artificial asphalt from asphalt- 
containing petroleiun oils, but more or less in asphalts obtained from 
crudes of semi-asphaltic or non-asphaltic composition. 

Zaharia and Sucabu,^®® experimenting with five Roumanian crude 
oils, assumed that paraffins and resins are not in a colloidal state in the 
crude, but that asphalt is. To prove the correctness of their assumption, 
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quantitative ultrafiltration was carried out with a Buchner apparatus at 
160 atmospheres, using Vulkan vulcanized rubber membranes 0.04 mm 
thick, which were laid on top of two or three sheets of filter paper, and 
the whole placed over a perforated plate. Hard and soft asphalts 
were retained completely. The filtrate did not give a precipitate with 
benzene and ethyl ether, but the asphalt was soluble in benzene, in which 
it was freed from resins and ultra-filtered. The asphalt obtained and 
dried was soluble in the ultra-filtered oil. 

The Metan Spolka patented a method for separating asphaltic 
substances from crude oil by mixing it under pressure with liquefied 
hydrocarbons from natural gas having a critical temperature below 
The amount of the crude oil mixed was five times that of the liquefied 
hydrocarbons, and about 13 per cent of paraffin-free asphalt was 
separated. In the refining process, the crude naturally occurring asphalt 
is usually subjected to a temperature of 325*^ F, which removes the 
water and results in a refined asphalt containing 57 per cent of bitumen, 
39 per cent of mineral matter, and 4 per cent of water of hydration of 
mineral matter. The mineral matter passes through the finest filter, 
and under an ultramicroscope is found to consist of clay in a colloidal 
state, which had its origin in the mineral matter of the mud spring and 
was introduced into the bituminous phase on the removal of the water 
by refining. The amount of mineral matter in the colloidal state depends 
on the concentration of the continuous phase. In refined asphalt, actually 
all the mineral matter at ordinary temperature may be regarded as 
colloidal, separating out under suitable conditions.^®® Richardson lists 
the following composition for the natural asphalt found in Pitch Lake, 
Trinidad, British West Indies: 


Substance Per cent 

Bitumen 39 

Mineral matter 27 

Water and gas, volatile at 100 (°C) 29 

Water of hydration of mineral matter 5 


The water which separates from asphalt on melting contains large pro- 
portions of sodium chloride and sulfates of sodium, ammonium and iron, 
as well as borates and iodides, and small percentages of potassium, cal- 
cium and magnesium salts. 

Richardson describes an improved process for the dehydration 
of crude lake asphalt which contains a high percentage of water. This 
process dehydrates, without the aid of heat, by thoroughly grinding or 
pulverizing the crude asphalt, after which it is either exposed to the 
atmosphere or subjected to an artificial drying process, using acid in 
vacuum. About 30 per cent of water is driven off in 24 hours. 

In the University of Delft,'*^ a.sphalt emulsions of the oil-in-water 
type were studied. De Kadt investigated the water-in-oil type of 
emulsion found in Mexico, namely Zacamixtle and Panuco crudes, and 
found that their water content ranged from a low percentage to as high 
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as fifty per cent. He attempted to convert water-in-oil into oil-in-water 
asphalt emulsions by the use of potassium oleate, basing his assumption 
on the theory of inversion promoted by Clowes. The method failed, 
however, the coagulated asphalt being too soft because of the presence 
of gasoline. Inversion by distillation was proposed by Waterman,^^^ 
but frothing accompanied this process. Rosin soaps were substituted 
for alkali oleates, rosin oil having a distillation range of 280-340® 
being used. Rosin oil was dissolved in the crude-oil emulsion by stirring 
and the mass heated up to 40-60®, with addition of potassium hydroxide. 
A 1.15 per cent rosin oil was used, but 0.7 per cent is equally effective, 
the quantity depending on the degree of dispersion and the percentage 
of water. Distillation is carried out with superheated steam or a mixture* 
of hot gases, such as air and nitrogen, de Kadt states that the addition 
of 0.5-1.0 per cent of an ordinary soap (oleic acid-sodium hydroxide) 
to the residue at 60-90®, dilution with a large quantity of water and 
continuous stirring results in the formation of an asphalt emulsion. Thus 
distillation and action of soap when combined lead to inversion of phases. 

Illing and Kelly distilled petroleum to obtain asphalt by pumping 
it through heated tubes, conducting it to an electrically heated or super- 
heated steam evaporator where it was passed over a series of plates; 
the vapors were drawn off and condensed. The residue was heated with 
a stream of hot air and converted into asphalt; its vapors were also con- 
densed. If heating exceeded 600® F, cracking of the oil took place. 

Streppel patented a method for extracting asphalt from oil sands 
having a high asphalt content, by heating with oil above 100®. The Sun 
Oil Company prepared highly viscous asphalts from non-viscous 
petroleum residues by heating under vacuum to temperatures higher than 
the critical temperatures of the lightest oils, and at the same time lead- 
ing low-boiling vaporized hydrocarbons through the oil, which flows 
slowly in a wide, thin layer over a surface heated by mercury vapors. 
Thus the light oils are distilled off, leaving a highly viscous product, 
which is discharged. 

The black or dark-colored bituminous matter in asphaltic-base oils 
may be readily coagulated by means of strong sulfuric acid.^^^* The 
chemistry of sulfuric acid treatment has been investigated by Brooks 
and Humphrey who found the accepted view, that olefins are 
polymerized to tar and removed as sludge, to be erroneous. Pure olefins 
up to sixteen carbon atoms do not give tars with sulfuric acid of 100 
per cent concentration. Dunstan considers the formation of acid tar 
as a ^^dual” phenomenon, i.e., the acid coagulates the colloidal matter 
present in the oil, polymerizes olefins and diolefins, sulfonates aromatic 
derivatives, and oxidizes the original substance. 

The emulsified state of both natural and artificial asphalts is due 
to the presence of emulsifiers, in the former to clay and other substances, 
in the latter, to naphthenic acids, rosin, sulfonated oils, casein solutions, 
and alkalies and acids in general. Two types of emulsifier are used in the 
production of commercial asphalt emulsions; (1) alkali: alkalies, alkali 
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silicates, alkali soaps of fatty acids and oxy-acids obtained from solid 
paraffins by oxidation with air or oxygen; and (2) acid: sulfonated fatty 
acids, oxy-acids and inorganic salts, such as aluminum chloride. If 
asphaltic bitumens contain a sufficient percentage of naphthenic acids, 
alkali hydroxides are used for emulsification. Alkali emulsifiers are 
often used in combination with proteins. It is assumed that some of the 
hydrolysis products of soaps used as emulsifiers form a protective film, 
and this is true of proteins in particular. 

Most of the commercial asphalt emulsions are of the oil-in-water 
type in which the asphaltic bitumen or tar is dispersed in the water phase, 
containing soaps of fatty acids, resins, etc. However, the type of emul- 
sion depends, of course, on the nature of the emulsifier, that is, alkaline 
earths form oil-in-water emulsions, and calcium and magnesium salts of 
fatty acids form water-in-oil emulsions. 

Since the consumption of asphalt emulsions exceeds the production 
of natural asphalts, artificial asphalts have been prepared from ^'asphalt- 
bases,*’ as well as by distillation and oxidation of mineral oils. The fact 
that artificial asphalts have been accepted in general practice necessitates 
the perfection of a process whereby asphalt can be made into a stable 
emulsion. 

Emulsification of Asphalt and Bitumen 

Flavigny,®® in his investigation on the formation and stabilization of 
bitumen emulsions, pointed out that both depend (a) on the nature 
and amount of active substances present in the bitumen and (b) on 
the ability of these substances to form a film which covers the surface of 
the dispersed bitumen globules. In general, bitumens contain a rather 
large proportion of active substances. Bitumens that contain sufficient 
active substances give stable emulsions with soda or caustic potash; 
otherwise a stabilizer is required. If the bitumen has sufficient active 
substance to lower the inter facial tension between the bitumen and the 
.aqueous phase, then a fatty acid may be added to the bitumen and soda 
or potash to the aqueous phase to form a film sufficient to stabilize. If 
the interfacial tension between the bitumen and the aqueous phase is too 
high, an emulsifying agent perfectly soluble in the bitumen must be added 
to it, and the asphaltenes and paraffins must be dissolved at the same 
time in such a manner that a homogeneous distribution is obtained. 

Flavigny proved by his experiments that the acid value of a bitumen 
is not solely indicative of the emulsifying power of the active agent 
present in it, but that its molecular weight must be considered as well. 
Acids of low molecular weight always possess an emulsifying ability, 
while acids of high molecular weight have instead a stabilizing power. 

Lange distinguished between emulsifying and stabilizing agents 
by classifying emulsions into two groups, namely: (1) those in which 
emulsification is caused by a chemical action, e.g., the formation of soaps, 
and simultaneously decreases the surface tension, bringing about also a 
change in the electric charge of the particles; and (2) those in which 
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stability is secured by an inert agent not manifesting any chemical action 
in the interface. These emulsions are similar to the preceding groups 
of emulsions with regard to solubility in the aqueous phase, but are 
distinguished by their inability to exchange ions, which is characteristic 
of emulsions resulting from chemical action. The stability of these 
emulsions is the result of adsorption of solid, insoluble particles in the 
interface. True stabilizers have a feeble emulsifying ability, and such 
is the case with gelatin or casein. Likewise, true emulsifiers may possess 
a protective, stabilizing power, for example, alkali soaps and sulfonates. 
According to Flavigny, this classification may assist in the choice of 
substances to be added and utilized in the preparation of bitumen emul- 
sions. 

An inactive bitumen cannot be permanently dispersed in an aqueous 
phase that does not contain a stabilizer and an emulsifier. In the case 
of active bitumens, a stabilizing agent is used and an inert emulsion is 
formed. The importance of particle size and of the laws of colloidal 
chemistry in evaluating the adhering strength and quality of bitumen 
emulsions has been emphasized by Kresse.^^® 

In the preparation of asphalt emulsions, the melted bitumen, or tar, 
is usually mixed with a hot, aqueous solution of the emulsifier. If fatty 
acids and alkali hydroxides are added, a protective soap film is always 
formed during emulsification. Grinding facilitates dispersion of asphalt. 
To increase the dispersion of an emulsion, colloid mills of various types 
are employed. The Hurrell mill (described by Clayton is well adapted 
to the mixing of the individual components comprising an asphalt 
emulsion. While it is possible to use emulsified asphalt for road con- 
struction for about nine months of the year, non-emulsified asphalt can 
be used only in dry weather and for four to five months. Two processes 
are used to prepare emulsified asphalts: (1) by forcing the emulsified 
liquid, namely the hot bitumen in w^ater, through a colloid mill at 
2000-4000 r.p.m. ; and (2) effecting the emulsification by direct action on 
the bituminous mass using various soaps as emulsifiers. Variations in 
the components, particularly emulsifiers, as well as in the mode of 
emulsification and physical conditions under which emulsification takes 
place, characterize differences in patents. Mann^®^ patented a process 
for the emulsification of asphalt in a soap and starch mixture heated with 
water until decrepitation of the latter. The hot bitumen is dissolved in 
benzene, or any other suitable volatile solvent is poured over it. A 
nozzle arrangement at the bottom of the container provides good mixing. 
The dissolved substance remaining is dispersed in the mixture; the 
volatile solvent evaporating on entering the hot mixture is recovered by 
condensation, and the mixture is allowed to cool with continuous stirring 
to obtain a homogeneous emulsion. Albert and Berend ® devised a method 
for using a thick, neutral or slightly alkaline cellulose as an emulsifier. 
They added 5 parts of the latter to 9.6 parts of fluid tar to effect disper- 
sion. Another patent issued to these investigators ^ presents a method 
for solidifying emulsions of asphalt and tar oils when these emulsions 
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contain only a small amount of colloidal material and a substance pro- 
ducing hydration. This process is irreversible. Mullin^'*^® emulsifies 
asphalt by allowing an emulsifier, such as a soap solution, to flow into 
a receiver containing the amount of asphalt to be emulsified and not 
exceeding that of the emulsifying agent by four times, and heats it 
gradually. If larger amounts are to be treated, the process is repeated. 

Plauson^s Forschungs Institut emulsified asphalt or pitch by heat- 
ing it to the melting point and working up the fused mass with water 
in a colloid mill until a colloidal dispersion was formed. Humic acid or 
its compounds, in an amount of from 1 to 2 per cent, when added to the 
water pitch or asphalt during the dispersion process, assist the stabiliza- 
tion to a considerable extent, and lead to the formation of stable emul- 
sions with a 35 to 40 per cent concentration of the disperse phase. The 
Bataafsche Petroleum Maatschappij prepared asphalt emulsions by 
mixing asphalt, preferably in a molten state, with hydrocarbon oxidation 
products and emulsifying the mixture with alkali or alkali salt solutions 
at a temperature of 90 to 100° C. The hydrocarbon oxidation products 
used as emulsifiers contain, beside the unchanged hydrocarbon, acids, 
anhydrides, lactones, alcohols and esters. Another process for asphalt 
tar and pitch emulsification is given by Low,^^^ who prepared a mixture 
of tar oil and emulsifiers and separately a mixture of casein, resin, sodium 
hydroxide and water, which was treated until completely saponified. The 
first mixture was then poured into the second mixture with slow stirring. 

The Asphalt Cold Mix, Ltd.^^ prepared aqueous bitumen emulsions by 
mixing the bitumen with an emulsifying agent obtained by the action of 
alkali upon proteins and stirring the mixture. The Bataafsche Petroleum 
Maatschappij emulsify asphalt by the use of hydroxides, alkali carbon- 
ates and ammonia. Sumraerfield makes asphalt emulsions by pouring 
melted asphalt into a boiling alkaline water solution and adding about 
1 per cent of oleic acid or other unsaturated fatty acids, such as linoleic 
from linseed oil, completing the emulsification by adding asphalt until the 
desired concentration is obtained. Thornley and Delaware Co.--^ have a 
similar process for the emulsification of pitch and other unsaponifiable 
substances. Basset and Szidon prepare asphalt emulsions by mixing 
whale oil with water containing potassium hydroxide and a small amount 
of mucilage. The mixing is carried out in a colloid mill. The Asphalt 
Cold Mix, Ltd.^^ claim that a very good emulsion results by mixing 
asphalt at 100 to 110° F with 2 per cent of oleic acid or other unsaturated 
fatty acid, then with a quantity of about 5-per cent aqueous solution of 
alkali silicate or borate approximately equivalent to the quantity of 
bitumen, and stirring vigorously. Asphalt with a weight of 25 per cent 
of a 15 per cent sodium silicate solution may be emulsified in 1000 g 
of water and 100 cc of a 1-per cent aluminum chloride solution. The 
aluminum chloride can be replaced by aluminum hydroxide. Another 
patent recommends treating asphalt containing 30 per cent of aromatic 
compounds with 5-per cent sulfuric acid and, after separating the 
asphalt, sulfonating with 10 per cent of 20-per cent oleum. The acid 



408 


EMULSIONS AND FOAMS 


sludge is removed and neutralized with sodium hydroxide or sodium 
chloride. The free sulfuric acid is salted out with barium chloride from 
the sulfonated mixture. Nine parts of the mixture obtained are dissolved 
in 300 parts of water and emulsified with 800 parts of asphalt under pres- 
sure and heat. The resulting emulsion is stable in hydrochloric acid solu- 
tion or in the presence of salt solutions or lime. Asphalt emulsions have 
been obtained in the following manner: Venezuela crude petroleum 
was distilled and neutralized with sodium hydroxide, the residue treated 
at a high temperature with hydrochloric or sulfuric acid in an amount 
equivalent to the alkali used, redistilled, and mixed with 100 parts of 
Venezuela asphalt. The melted mixture was emulsified with 80 parts of 
a 0.5-per cent sodium hydroxide solution, with stirring. 

At a temperature not higher than 100°, Halvorsen and Travis emul- 
sified asphalt by melting it with a small amount of a mineral substance 
and then stirring the mixture into hot water containing 0.75 per cent of 
an alkali phosphate, preferably sodium phosphate, in which it was finely 
dispersed. Kirschbraun prepared stable bitumen emulsions from 
melted asphalt by mixing it with and stirring it into water containing 
clay. These emulsions were stabilized either by sodium sulfite or zinc 
sulfate. Headley heated fatty acids and oils, such as linseed or other 
drying oils, for about 2 hours and saponified the mixture with sodium 
carbonate in an amount 20 to 60 per cent by weight of the oil (after 
cooling to a lower temperature). The alkali may be added before heat- 
ing to a high temperature. The soap obtained was stirred with asphalt 
and water. The material obtained was particularly stable to temperature 
changes. 

Elosegui prepared asphalt emulsions by adding a bitumen contain- 
ing 1 to 3 per cent of organic acids. The concentration of the asphalt 
in the emulsions was 25 to 50 per cent. Crown Eock Co.^® pointed out 
that tar or pitch resulting from oxidation or drying of petroleum called 
maltha — ^a black, viscid substance intermediate between petroleum and 
asphalt, having a strong bituminous odor — is a suitable emulsifier. It is 
mixed with water containing finely divided silicon oxide and stirred 
vigorously with asphalt. Montgomery melted Mexican asphalt, which 
is a solid at ordinary temperature, and poured it into a dilute sodium 
hydroxide solution, with stirring. Ebberts *■* states that silica, iron oxide 
and gypsum promote the formation of asphalt-in-water emulsions, and 
that limestone, magnesium carbonate, calcium hydroxide, magnesium 
hydroxide and portland cement promote the formation of water-in-asphalt 
emulsions. Kirschbraun dispersed melted asphalt in a suspension of 
clay, such as bentonite, in water, continuously agitating the product in 
a mechanical mixer. Morrell produced stable asphalt emulsions by 
adding to an emulsion of an oleaginous material a suspension of a non- 
fluid, pitchy, asphaltic or bituminous material. The coalescence of the 
non-fluid particles of the suspension with the oily globules of the emul- 
sion gives a stable emulsion. Emulsions of tar, asphalt, pitch, etc., insol- 
uble in water, are prepared by using soap insoluble in water as an emulsi- 
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fying agent.^® Tribasic sodium phosphate, not exceeding 0.75 per cent, 
is used in effecting emulsification of asphalt and water.®® Asphalts, tars, 
and petroleum residues may be emulsified with the sodium, potassium, or 
ammonium salts of fatty acids or resins, to which are added organic sub- 
stances, such as low molecular weight alcohols or ketones of the fatty acid 
series, B*OH or PhOH, capable of lowering interfacial tension between the 
bitumen and water.®® It may be particularly advantageous to use mixed 
dispersions which contain such dispersing agents as arc not affected 
or redissolved by water once the dispersion has been allowed to dry. 
Into 200 parts of a 30-per cent paste of finely ground cellulosic material, 
such as lignite, containing humic acid is caused to run, at a temperature 
of between 40 and 50°, the fused mass of 500 parts of petroleum asphalt 
having a temperature of 80° and a softening point according to Kramer- 
Sarnow of 50* 60°, while vigorously stirring and adding 300 parts of cold 
water in such a manner that the temperature of the dispersion produced 
does not exceed 50°.®® Bitumen emulsion may be prepared when soft 
bitumen, containing a small proportion of a saponifiable material, such 
as oleic acid, is melted and thoroughly mixed with a suspension of pow- 
dered hard bitumen suspended in water containing a small proportion of 
sodium hydroxide. Depending upon the desired hardness of the product, 
the proportion of hard bitumen used (7-20 per cent of the soft bitumen) is 
varied.^^® 

An emulsifying agent for tar, bitumen and the like is prepared by 
heating a mixture of amylaceous and saponifiable substances with an 
alkali substance. For example, four parts of residual vegetable oil from 
paper manufacture, 1 part of maize starch and 25 parts of water are 
heated to 50° with stirring. A 7-per cent solution of NaOH (17 parts) is 
added and the mixture heated almost to boiling.^®® An emulsifier con- 
sisting of equal parts of pulverized, water-free cerealian and/or linseed 
oil or soybean oil dispersed in benzene serves to prepare an asphalt emul- 
sion. Three parts of this emulsifier are mixed in a stirrer with 97 parts 
of melted asphalt. At the place of use, the mixture is combined with 
15 per cent of water in a heated emulsifying machine. If larger amounts 
of water are to be incorporated, the amount of emulsifier must be 
increased accordingly.®® 

Besides soaps, alginates and the like, or turpentine resins formed by 
the distillation of turpentine, may be used as emulsifiers for bitumen 
emulsions. Resin tars saponified by an alkali solution are recommended 
for the same purpose.^®^ 

Proteins, pectins, polysaccharides, hemicelluloses, gums, tannins, and 
clays are considered as emulsifying agents for bitumens. According to 
Rick,^®® the emulsifier remains dispersed in the bitumen, after evapora- 
tion of water, as a filiform structure which can modify the elastic, ther- 
mal and aging properties of the bitumen. Lechler reported that emul- 
sification of asphalt is effected if a solution of an alkali, such as the car- 
bonate or the hydroxide of sodium or potassium, and a saponifiable sub- 
stance, such as a fatty acid, is added to a molten mixture of asphalt in 
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successive amounts of varying concentration. Most of the alkali is added 
at an early stage of the process. In another patent Lechler recom- 
mended heating bitumens, adding wool fat or resin as emulsifier, and 
mixing it at the same time with an aqueous alkali solution. 

Fox*^^ effected emulsification of liquefied asphalt in the following 
ways. (1) By using soaps, together with higher monohydric aliphatic 
alcohols. The soaps and alcohols may be mixed as such, or may be 
obtained by a reaction of caustic alkali with a liquid animal.wax, such as 
sperm oil; protective colloids or stabilizers may also be added to the 
emulsions. (2) By using similar bituminous materials, emulsification is 
produced by emulsifiers obtained by treating liquid marine animal waxes 
or fats, containing esters of monohydric aliphatic alcohols, with sulfuric 
or phosphoric acid. Vereinigte Dachpappen A.-G. and U. Brautigam 
patented the preparation of an aqueous bitumen emulsion. One-thousand 
parts of bitumen, particularly asphalt, are heated to 90° with the addition 
of 60 parts of Swedish resin and 100 parts of hot water with continuous 
stirring at 80-90°. After the resin soap has been completely formed, 800 
parts of water are added. 

Malchow A.-G.^®® claims that emulsification of bitumen and water 
occurs when potassium soaps or isomers of abietinic acid, such as pineabie- 
tinic acid, are used. These resin acids are obtained from tallow oil by 
treatment with petroleum ether. The amounts mixed in the homogenizer 
are: 100 parts of bitumen, 4 parts of potassium hydroxide and 6 parts of 
isomers of abietinic acid. The resulting bitumen emulsions retain their 
stability in transportation as well as in storage. 

Zsigmondy proposed low-melting, readily emulsifiable bitumens of 
low viscosity as emulsifiers for high-melting bitumens, such as tar asphalt 
and petroleum pitch. By weight, 1 part of saponin, 5 parts of bone glue, 
10 parts of 70-per cent silicon oxide, 4 parts of water glass and 8 parts 
of low-melting bitumen are mixed together and stirred. One part of the 
low-melting bitumen is melted with 9 parts of water and 12 parts of 
high-melting bitumen. 

As emulsifier in preparing bitumen emulsions Societa Anonima Per- 
molio 203 xises an acid sludge obtained by refining mineral oil, especially 
white oil, with sulfuric acid. The purification is carried out by means of 
water vapor at 120-130°, by heating with water, or finally by using water 
and sulfuric acid, followed by settling. 

N. V. de Bataafsche Petroleum Maatschappij 22 uses as emulsifiers 
solid colloids, such as clay or bentonite, and aqueous emulsions of asphalt 
acids and salts. Protective colloids such as gum and glue are added. 

Wintsch2^7 jjj hig patent specified latex as an emulsifier in making 
bitumen or asphalt emulsions. 

Colas Products, Ltd.**^ dispersed bitumens in a colloid mill using 
potassium oleate as emulsifier. The finished emulsion contains about 
86 per cent of bitumen with particles 20-30 ft. 

I. G. Farbenindustrie A.-G.®®* effected emulsification with humic acids 
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as emulsifiers.. When brought on the surface these emulsions proved to 
be of high stability. Plant-production equipment was used. 

Novak, in emulsifying tar, asphalt, or chlorine derivatives of oils, 
used in addition to an emulsifier a protective colloid such as glue, casein, 
resin and naphthenic acids. 

Soc. Chim. de la Route claim the production of stable asphalt 
emulsions from petroleum distillate residues by mixing with heavy petro- 
leum in such an amount that a liquid mixture is formed at 15°; this is 
stirred with an alkaline solution, for example, a water-glass solution. 

Lewis ^28 applied as emulsifier a gel of aluminum hydroxide admixed 
with finely divided sand, dolomite, iron oxide, chromium yellow, chro- 
mium green and Berlin blue, the emulsifier being stirred continuously 
with water and melted bitumen added. This type of emulsion prevents 
corrosion of the walls of containers by acids. 

Neushabel Asphalt Co., Ltd.^®*' prepared bitumen emulsions from 
Trinidad Lake asphalt by diluting petroleum residues or similar liquefy- 
ing agents with tar oil and adding sodium hydroxide, potassium hydroxide 
and resin, for example, colophonium. 

Bitutect Inc.*^ emulsifies asphalt by mixing at 50° F in a saturated 
solution of carbon tetrachloride with an aqueous suspension of colloidal 
clay acidified with a weak organic acid. The solution of bitumen is pre- 
cipitated by acetone with continuous stirring. 

Bataafsche Petroleum Maatschappij disperse asphalt in water by 
heating, using an aqueous paste of bentonite (about 10 per cent) or clay 
and stirring rapidly. 

Bendixen and Morgan 2 ® emulsified tars by using saccharides and 
adding xylene, carbon tetrachloride, acetylene tetrachloride and other 
solvents. This emulsion is suitable as a binding material for dust laying. 

I. G. Farbenindustrie A.-G.®®** prepared emulsified tar by heating 300 
parts of tar oil or a mixture of 240 parts of tar and 60 parts of asphalt 
from a petroleum distillate to about 150°. After 30 minutes, 40 to 50 
parts of lignite grit-emulsifier (2 per cent water content) and water 
were added. 

Gador proposes a method for preparing aqueous bitumen emulsions 
whereby the melted bitumen is first treated with oxygen acids of sulfur, 
its anhydrides, acid salts, substituents, or other wastes containing sul- 
fonic acid, such as acid tar, acid mineral tar, etc., and then mixed with 
water. Potassium hydroxide or alkaline salts, such as silicates, carbon- 
ates, or borates, are introduced to effect a neutral reaction. 

Bataafsche Petroleum Maatschappij proposed the use of colloids, 
such as glue, gelatin, albumin, saponin, and also sulfo-acids and starch, 
as successful emulsifiers for bitumens. 

Rutgerswerke A.-G.^®® recommend mixing tar with highly alkaline 
water, containing salts of fats, resins, sulfo- or amino- carboxy-acids. 
The asphalt so emulsified is stable, but breaks readily when spread on a 
road surface. 

Agthe’s® invention relates to natural or artificial asphalts (Kramer 
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and Samow) mixed either with brown coal (b.p. 160-400®) or mineral oil 
to which is added a small amount of rubber, which facilitates emulsifica- 
tion. The emulsion obtained is coarse and stable. 

Ebberts states that substances with a high percentage of calcium 
phosphate assist in the emulsification of bitumens. 

Thompson’s patent for the preparation of emulsions relates to the 
emulsification of asphalt, provided the emulsion has a high degree of 
penetration and is able to solidify rapidly on exposure to air. Strict 
observance of the order of mixing the ingredients of the emulsion is neces- 
sary to avoid conversion of the final product into a semi-solid, spongy 
mass. Forty to sixty per cent of the mass is heated to 190® F with stir- 
ring, and 0.25 per cent of caustic potash, sodium carbonate or potassium 
carbonate is added to produce a certain degree of alkalinity. The fatty 
acid to be added is saponified. Asphalt to be emulsified is melted in 
another container, heated to 200® F and run slowly into the first mixture; 
0.08-0.25 per cent by weight of oleic acid, linseed oil or whale oil used as 
an emulsifier is poured in. The inflow of the asphalt stream occurs simul- 
taneously with that of oleic acid introduced into the stirred mixture. 

Hunziker stated that bitumen emulsions may be obtained by 
heating a bitumen in the presence of a solvent, such as pitch oil or petro- 
leum, to 100° and adding at least one saponifiable fat (bone fat) and 
colloidal aluminum. Alkalies and also protective colloids, such as pro- 
teins or plant mucilage, may be added. 

Rouault suggested producing emulsions of bitumen, pitch, or tar of 
the oil-in-water type by mixing tar and bitumen with 30 per cent of 
water, using as emulsifiers small amounts of an alkaline material capable 
of reacting with phenolic constituents and flour, starch or casein, rendered 
soluble by treatment with alkali. 

The International Bitumen Emulsions Corporation makes aqueous 
bitumen emulsions, using a small percentage of casein as an emulsifying 
agent. 

Dehn®® states that a bitumen emulsion which can be mixed with 
aggregates and which will not break too rapidly can be produced by add- 
ing sodium phosphate to a quick-breaking, soap-free emulsion already 
formed, and prepared by the addition of aqueous calcium chloride or 
alkaline-earth metals. 

Elosegui melts tar with addition of wax (up to 3 per cent) and wool 
fat (2 per cent). To the mixture obtained, hot caustic alkali is added 
by stirring. This mixture may be diluted with 5 to 10 per cent of water. 
The addition of more water is necessary in the penetration of asphalt 
macadam. 

Labourse*^^ prepared bitumen emulsions using as emulsifier a more 
or less hydrated calcium hydroxide alone or in combination with lead 
carbonate. The latter, which in itself is not an emulsifier, increases the 
emulsifying action of calcium hydroxide and otherwise influences the 
properties of the emulsion obtained. 

Kretzcr and The International Bitumen Emulsions Corporation *®® 
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state that bitumens are usually emulsified with aqueous alkalies, sta- 
bilized with casein and the alkalinity of the emulsion reduced to about 
pH 8.5 by the addition of orthophosphoric acid. 

, Bergel prepared asphalt emulsions, using aqueous alkalies. Varying 
amounts, about 5 to 10 per cent of natural asphalt, such as Trinidad or 
Bermuda, rich in asphaltic acids, were used. If the asphalt content is 
increased above the amount necessary to obtain an emulsion, then break- 
ing down when in contact with solid porous bodies is slower. 

Standard Oil Co.'"*®® prepared asphalt emulsions resistant to hard 
water by heating either soybean flour or gluten flour with aqueous sodium 
hydroxide, green acid soap and resin soap. The solution obtained is 
added to melted asphalt contained in a chamber equipped with a stirring 
apparatus. On stirring, an emulsion is formed. 

For emulsification of asphalts, Bratke used about 0.01 -per cent potas- 
sium hydroxide containing about ten per cent by weight of an aromatic 
acid, an OH-acid, or a phenol, e.g., B*0He-0H.C6H4C02H ; o-C 6 H 4 (OH) 2 , 
which is added to the asphalt before or during admixture with water. 
An emulsion of the water-in-oil type is obtained. 

An emulsion of asphalt is obtained by precipitating asphalt with a 
light hydrocarbon, gaseous at ordinary temperature and pressure, for 
example, ethane, propane, or butane, from a crude petroleum oil contain- 
ing asphalt. The light hydrocarbon may be used together with a selective 
solvent, such as PhOH, cresol, PhNH 2 , or furfurol.**® 

Grover manufactured bitumen emulsions by using insoluble 
humic acid and its salt as an emulsifying agent. The stability of these 
emulsions is improved by the addition of 0.1 to 0.5 per cent of neutral 
salts, such as sodium chloride, sodium sulfate, or calcium chloride. 

Gesellschaft f. Teerverwertung m.b.H.^® proposed for emulsification of 
every kind of bituminous substance (tar, artificial and natural asphalts, 
as well as their distillation products and residues) crude products (emul- 
sifiers) obtained by heating humus material, such as brown coal or peat, 
together with an aqueous alkali solution. Solid or liquid resins, fats, 
oils, acids, or alcohols obtained therefrom, or naphthenic acids, may 
improve the emulsion when added during or after its preparation. Starch, 
dextrin, or gums may contribute to their stability. 

Gesellschaft f. Teerstrassenbau m.b.H.'^® mixes tar with about 5 to 20 
per cent of resin, such as colophony or coumarone, and emulsifies the mix- 
ture in hot water containing a small amount of soap. 

Sparks ®®® states that a concentrated emulsion, which can be diluted 
with hard water without causing separation, is made up of 2 parts of 
asphalt emulsified with 1 part of water, with an emulsifier containing 
green acid soap and either sodium silicate or tribasic sodium phosphate. 

Myers proposes a mixture of molten asphalt mixed with a small 
amount of rosin and contacted under pressure with a stream of sodium 
hydroxide. The mixture, on release of pressure, is beaten and homog- 
enized. 
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Hutzenlaub®® prepared stable, highly viscous, hydrophilic asphalt 
emulsions by mixing asphalt with a small amount of a concentrated 
alkali-metal hydroxide or carbonate solution, to neutralize the free acid 
contained in the asphalt, and with water containing clay, stirring the 
mixture to effect emulsification. 

Neitzke^®® forms an aqueous dispersion of asphalt by mixing inti- 
mately with it a relatively small amount of cottonseed oil pitch and dis- 
persing the mixture, while heating, in a dilute, aqueous alkali solution; 
sodium hydroxide or other saponifying agents (alkalies) may be used. 
Emulsions containing 2.5 to 10.0 per cent by weight of stearin pitch, 
based on the amount of mineral asphalt used, have satisfactory bonding 
and weathering qualities. 

Lichtenstem heats asphalt with crude montan wax (up to 3 per 
cent) and crude wool fat (up to 2 per cent) , running the mixture while at 
a temperature of 80 to 90° into a 1-per cent aqueous alkali solution 
warmed to 60°. 

Smith *** produces asphalt emulsions by dispersing asphalt in an 
aqueous solution of tribasic sodium phosphate; either a protective colloid 
or a borate may be present. 

Jcrie claims that tar and asphalt emulsions may be produced by 
using simple alkaline resin soaps as emulsifiers. 

Lechler emulsified molten asphalt by stirring in 1 to 5 per cent of a 
concentrated solution of alkali hydroxide or carbonate and adding an 
aqueous clay slurry. 

Hanseatische Miihlenwerke A.-G.®^ recommend the use of solid alka- 
lies instead of aqueous alkali solutions as emulsifiers. 

Patent and Licensing Corporation ^®® patented the use of ammonium 
naphthenates and ammonium oleate as emulsifiers in the preparation of 
bitumen emulsions. 

Hepburn ®® dispersed 20 parts of a crude asphaltic-base oil in 9 parts 
of soap solution and added 78 parts of warm water containing 1 to 2 
parts of a metallic salt of a fatty acid (aluminum oleate) . The mixture 
was warmed, and 296 parts of asphalt were added slowly with stirring 
to obtain a uniform distribution throughout the mass. 

Tabary prepared bitumen emulsions by mixing 5000 liters of water 
at 80° with 60 to 100 kg of oleic acid and adding 35 to 70 kg of potassium 
hydroxide or potassium carbonate to the mixture; 1 to 2 per cent of a 
stobilizer, such as potassium fiuoride, potassium fiuosilicate, or potassium 
chromate, is added after saponification of the oleic acid is completed. 
The whole mass is then mixed with 5000 kg of bitumen at 110-140°, and 
homogenization of the emulsion is effected in a colloid mill. 

In preparing emulsions, Emotte ®® uses precipitated lime from sugar 
manufacture, containing about 80 to 85 per cent of calcium carbonate, 
as a dispersion medium for bitumen and tar. For dispersion of solid 
bitumen, this material is heated with the addition of about 50 per cent 
of water containing lime, and the charge is dispersed in a homogenizer. 
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Roederer produced bitumen emulsions using brown coal or 
oil shale as the emulsifier, the latter being enriched with regard to its 
bitumen content before use, and treated with acids or alkalies. 

Liberthson manufactured bitumen emulsions, using 6 to 300 
parts of molten bituminous material in 0.25 to 10 parts of aqueous sodium 
sulfonic derivative in 100 parts of water at 100° F. The stability 
of the emulsions obtained may be increased by adding 0.25 to 10 parts 
of colloidal clay to the emulsifier before emulsification. (The sodium 
sulfonic derivative is obtained by using sulfuric acid sludge from the 
purification of petroleum oils neutralizing with alkali, and mixing with 
40 to 60 per cent by volume of aqueous ethyl alcohol and separating the 
sediment.) 

Patent and Licensing Corporation uses as emulsifiers residues 
obtained by treating colophony with petroleum ether and furfural. The 
resin is saponified with 0.1 to 0.5 per cent of excess alkali. A solution 
containing 3 to 8 per cent of rosin soap is mixed with the asphalt in a 
colloid mill. 

The Standard Oil Co.^®^ dispersed asphalt in a dilute soap solution, 
such as triethanolamineoleate, about 1 per cent being sufficient if approxi- 
mately 1 per cent of sodium sulfite, sodium chromate, or potassium 
chromate is added. Other suitable salts are sodium oxalate, tribasic 
sodium phosphate, sodium monosulfide and sodium thiosulfate. 

McConnaughay melted bitumen separately, mixed it with saponifi- 
able material, such as ^^red oiP^ (oleic acid) and emulsified the resulting 
mixture by using hard water treated with an alkali metal fluoride to 
precipitate the calcium salts and to render the water alkaline. 

Baume, Chambige and Boutier^® list as emulsifiers (1) soaps formed 
in situ, (2) mixtures of different bituminous materials, and (3) inert 
materials like kieselguhr; sawdust may also be used. 

Smith recommends a 0.1 to 1.8 per cent aqueous alkali meta- 
silicate solution as emulsifying agent for bitumen emulsions, such as 
pitch, tar, or similar substances, suitable for road work. Halvorsen®® 
states that asphalt emulsions may be produced by using as emulsifier 
small proportions of alkali hydroxide or a silicate with an alkaline reac- 
tion. The asphalt emulsion obtained is mixed with sufficient tannic acid 
so that pH = 7, and then a soluble salt of a strong acid, such as ferrous 
sulfate, is added, bringing the pH to a value between 7 and 4. 

Asphalt may be emulsified by using an emulsifying agent prepared by 
mixing 60-90 per cent of a petroleum distillate lubricating oil and 10-40 
per cent of benzene, toluene, or diphenyl, heating the mixture with a 
sulfonating agent; water is added to the resulting material and the 
material allowed to stratify, separating the intermediate sludge-like 
layer therefrom and adding finally an excess of sodium hydroxide to 
the latter in order to neutralize the layer and to form sodium salts of 
the petroleum hydrocarbon-aromatic sulfonic acids.^^^* 

Paix and Cie^®*^ patented a process for increasing emulsification of 
bitumens difficult to emulsify by adding unsaturated rosin acids or 
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cyclic alcohols to the initial substances. Also, compressed air is blown 
through the mixture for 2 to 6 hours at a temperature of 210° to 250°. 

Aqueous bitumen emulsions with a fine dispersion are obtained 
by treating coarse-grained bitumen emulsions obtained by using as 
emulsifying agents positively or negatively charged poly silicic acids or 
their salts, so that the electric charge on the particles of the emulsifying 
agent is increased to such an extent that their mutual repulsion causes 
splitting of the bitumen globules without any mechanical subdivision 
of the emulsion being necessary, e,g.f by heating. The silicic acids may 
be obtained by ripening colloidal clay suspensions (to which water has 
been added in the ratio of 1:3) for about 36 hours until suitable hydrates 
are formed. Asphalt, in the proportion of about 50-60 per cent of the 
emulsion, is then added to form a coarse-grained emulsion in which 
the colloidal particles have disappeared from the aqueous phase and 
settled on the bitumen particles. This emulsion is then heated for 1 to 
3 hours at about 90° until the final emulsion is formed.^*® 

Aqueous emulsions of pitch, bitumen, and asphalt, in which the 
aqueous phase is the continuous phase, are prepared by dispersing the 
bitumen material in a hot, dilute solution of an alkali, for example, 
0.5 per cent of potassium hydroxide, calculated on the amount of bitumin- 
ous material used, and using as an emulsifier a proportion of fatty 
acid pitch and casein. The quantity of water in which the material 
is first dispersed and the proportion of the protein taken is such as to 
prevent the reversal of phases. 

An aqueous dispersion of comparatively coarse bitumen particles 
is obtained®^ when a thin stream of melted bitumen is led into a paste 
made of water and an emulsifier containing humic acid, until stirring of 
the mass formed becomes difficult. Then enough water is added so that 
the mass may be readily stirred when a new amount of bitumen is added ; 
thus an emulsion is formed in which the bitumen content is about 50 
per cent. This fluid dispersion system of the bitumen is claimed to have 
a high stability. Likewise, the bitumen and water may run together into 
the stirring container; but in this case the dilution must be such that 
after addition of the total amount of the bitumen the indicated concentra- 
tion is reached. 

A bitumen emulsion is produced by combining a bitumen with water- 
soluble substances, such as sodium chloride or glycerol, in sufficiently 
small amounts so that, when the material obtained is dispersed in water, 
there are produced within the dispersed particles osmotic pressures 
initially greater than those exhibited by the continuous phase, so that 
adsorption of water from the continuous phase into the disperse phase is 
effected.®® 

The Flintkote Co.®® reports an aqueous, highly concentrated bitunien 
dispersion obtained by adding melted asphalt to an asphalt dispersion 
with small bitumen particles, prepared as usual with soap in a colloid 
mill and stirring. It is claimed that the content of asphalt may be as 
high as 85 per cent. The bitumen dispersion obtained is liquid in a cold 
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state and its particles are 10 to 15 times larger than those of the initial 
dispersion. 

A tar oil or petroleum asphalt may be readily emulsified with water 
by incorporating in it 0.5-30 per cent of its weight of finely divided 
brown coal low in humic acid and containing not more than 3 per cent 
of water Bitumen emulsions suitable for subjection to low tempera- 
tures without breaking are obtained when a material such as Mexican 
petroleum asphalt is emulsified by the use of a rosin soap, such as 
sodium or potassium soap, which has been heat-treated for 2 hours at 
about 260-315° F. This heat treatment causes lowering of the viscosity 
number to 130 and below.®® 

A bitumen emulsion which does not flow at high temperature and is 
plastic at low temperature is composed of 55 parts of bitumen, 10 parts 
of soap (comprising 40 per cent of resin or resinous oil and 60 per cent 
of a 7-per cent sodium hydroxide solution) , about 30 parts of an alkaline 
clay paste (containing 15 per cent of bentonite, 78 per cent of water and 
7 per cent of a 7-per cent sodium hydroxide solution), and 5 parts of a 
35° Be sodium silicate solution.^®^ 

An asphalt emulsion is prepared from 2 parts of asphalt emulsified 
in 1 part of water containing about 1.5 per cent of a salt such as sodium 
sulfite or sodium chromate having a neutral or basic reaction. It serves 
to reduce the interfacial tension between water and asphalt. As emulsi- 
fier is used about 1 per cent of triethanolamine oleate or a similar soap. 
The salt reduces the amount of soap required for the formation of a stable 
emulsion and imparts useful properties to it.^^® 

A bitumen emulsion is obtained from 60 per cent of bitumen con- 
taining 5-25 per cent of blown bitumen, water and small proportions 
(up to 2 per cent) of a stabilizing agent such as soap.®^ Bitumen emul- 
sions are obtained by suspending a powdered hard bitumen in an aqueous 
sodium hydroxide solution and adding it with stirring to a melted soft 
bitumen containing a saponifiable substance such as oleic acid.^^^ 

Robinson and Sutherland prepared bitumen emulsions by heat- 
ing an aqueous alkali solution of lime, and of the carbonates or bicarbon- 
ates of the alkali metals, and mixing a saponifying material with the 
heated bitumen, which may contain naphthalene. A part of the calcium 
carbonate formed in the solution may be removed before the saponifying 
material is added. The amount of carbonate used must not be greater 
than that which will permit at least one-half of the available sodium or 
potassium to be liberated as sodium hydroxide or potassium hydroxide. 
Asphaltic or bitumen emulsions with a slightly acid reaction are 
formed by first forming a basic emulsion by means of sodium hydroxide 
or tribasic sodium phosphate and then adding suflScient citric acid or 
extracts of wood to bring the pH to a value of 6. Citric acid is added 
in two stages, of which the first is pretreated with sodium hydroxide. 
Small quantities of high molecular products, such as algin and/or casein, 
are recommended to be added to the basic emulsion before acidifying.^®® 
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Highly concentrated aqueous asphalt emulsions may be prepared 
from an asphalt obtained from the residue of a tar oil heated to about 
300®, into which water vapor is led, with increase in temperature to 325® ; 
this serves to drive off 25-30 per cent of a thick, liquid oil, depending 
on its properties, leaving asphalt as the final product. This asphalt 
(about 50 g) is melted with 1-2 g of montan wax and 0.5-2.5 g of oleic 
acid at 120-130®. The mixture obtained is introduced in a fine stream 
into a dilute sodium hydroxide or soap solution with rapid stirring, and 
heated to 90®. A short boiling may improve the asphalt emulsion formed. 
The latter may be mixed with a rubber emulsion at 55® (not higher) 
without any protective colloid or stabilizer. Aluminum and mica or 
silica gel, which provide fire-proofing and better resistance qualities, may 
be added. 

Painter, Moreton and Hill patented a bitumen emulsion consist- 
ing of 36 gallons of asphalt mixed with a colloidal solution of 8 to 10 
pounds of hydrous magnesium silicate (obtained from the Mohave desert) 
in 20 gallons of water and 250 to 420 cc of O.liV acetic acid with addi- 
tional water as desired ( 10 lbs) . 

Kirschbraun patented the production of a complex emulsion system 
thinner in consistency and with a higher bitumen content than either 
constituency of a combined emulsion. An asphalt-clay emulsion as 
ordinarily produced is of a comparatively viscid consistency and, when 
mixed with a soap emulsion of asphalt or another bituminous base suit- 
ably proportioned, gives a system of a much thinner consistency and 
improved suspendibility, the asphalt or bitumen content being increased 
in relation to the amount of asphalt-clay emulsion present, despite the 
increased fluidity. Thus, with certain types of relatively non-suspendible 
stable emulsions of the mineral powder type, the resultant system is 
completely suspendible. In general, the asphalt-clay emulsion may 
be composed of 35-60 per cent of asphalt, 40 per cent of water, and a 
small amount of clay. The soap emulsion will ordinarily contain about 
70 per cent of asphalt, 30 per cent of water, and a small amount of soap. 
All things considered, the character of the clay emulsion, the alkalinity 
of the soap emulsion, as well as other factors, determine the treatment 
applied, which consists in adjusting the hydrogen ion concentration by 
the addition of alkali to the clay emulsion, thereby increasing its pH 
value to approximately that of the soap emulsion. 

van Westrum prepared a tar emulsion as a dust preventive liquid 
called “Westrumite.” This emulsion was made from a semi-asphaltic 
crude oil and a large quantity of soap, but it was unstable and the 
asphalt coating dried out quickly. Westrumite had an asphalt content 
of about 30 per cent; commercial asphalt emulsions use topped crudes 
containing 70 to 80 per cent of asphalt, and emulsified asphalt paving 
cements, 70 per cent of asphalt and a small amount of soap. Asphalt- 
tar emulsions are prepared first by emulsifying asphalt in water, using 
an emulsifier, and then dispersing in it tar, which must have a density 
of not more than 1.15 at 25®.*® 
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Smith and Douthoflf prepared bitumen oil-in-water emulsions 
by dispersing asphalt in a finely divided state in an aqueous dispersing 
medium having an alkalinity slightly less than the critical alkalinity 
above which a water-in-oil emulsion would be formed from the same con- 
stituents. The difference in alkalinity may determine the type of the 
emulsion by controlling the relative percentage of antagonistic emulsifiers 
present. 

Schmids Erben prepares a concentrated, well-spreading 

and fast-breaking fluid emulsion from a mixture of a tar emulsion and 
an asphalt emulsion. 

Bitumen may be emulsified by mixing it, before dispersion, with 
water carried in a water-in-oil emulsion without the addition, prior to 
this mixing, of water-soluble substances either in the water-in-oil emul- 
sion or separately. The oil used for the water-in-oil emulsion must be 
capable of dissolving the bitumen, and is preferably less viscous. It 
should be neutral so that it will not react with emulsifying agents used 
to obtain the aqueous dispersion. ParaflBn is a suitable material, and oil 
and water is dispersed therein by a water-insoluble agent, such as alum- 
inum stearate or oleate. Part of or substantially all the water is removed 
by evaporation after the bitumen has been mixed with the water-in-oil 
emulsion before dispersion in water. This treatment redistributes the 
water-soluble substances contained naturally in the bitumen, so that on 
dispersion in water they increase the water adsorption of the bitumen 
and hence its viscosity. Increase in viscosity is effected by better mixing 
of the bitumen with the water-in-oil emulsion. 

Foster Company patented a preparation of a bitumen emulsion 
consisting of a suspension of colloidal clay fpH 4.8) as dispersion agent 
and a dispersed bitumen having a particle size 0.01-0.02 mm. The emul- 
sion should contain about 10 per cent of clay, 50 per cent of bitumen, 
and 40 per cent of water. 

The degree of dispersion of a bitumen emulsion varies as a function 
of the pH of the aqueous phase, and the maximum dispersion corresponds 
to a maximum stability; the stability is greatly affected by emulsifiers, 
e,g.j the stability of a Parmeo bitumen without an emulsifier or softener 
lies within the pH limits of 10.2 to 12.5. When the bitumen is emulsified 
with 0.9% of olein, the stability limit is within a pH range of 8.1 and 12.6. 
Viscosity and breaking point are also found to be affected by the pH. 
Control of viscosity by pH has some practical difficulties, and it is better 
to employ such materials as stearic acid or sulfonic acids. Certain salts 
that have the effect of partially neutralizing the electric charges on the 
bitumen globules may be used to influence the breaking of the emul- 
sion.2®®® 

Flavigny,®® discussing the possibilities of a mechanical subdivision 
of bitumens in preparing their emulsions, states that for the same bitumen 
dispersion with mixers is coarser than that produced with a homogenizer 
or a colloid mill. For the same disperser, the fineness of dispersion 
generally increases with the velocity of rotation. 
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Flavigny proved that the action of the emulsifier predominates over 
the influences exerted by the type of dispersion applied. He also found 
that the effect of the stabilizer may oppose the division of the bitumen 
and lead to the formation of coarse and irregular systems. An excess 
of emulsifier would result in coarse emulsions. 

Lechler prepared emulsions by mixing liquids in a spray nozzle 
in which the liquids are given a rotary motion. These liquids are so 
thoroughly and completely mixed that the material leaves the nozzle 
issues in a very fine spray, 

Ferri prepared gas-tar or natural-asphalt emulsions by heating the 
tar or asphalt to its melting point and mixing with an optional emulsifier. 
With steady stirring of the hot mixture, he added cold water until the 
emulsion formed contained about 60 per cent of water. 

Gnadagni described equipment in which tar is mixed with 2 to 5 
per cent of a vegetable or animal fat and reacted at 100-150° in an aque- 
ous alkali solution such as sodium hydroxide, sodium sulfite, or water 
glass, the soap thus formed acting as the emulsifier. The addition of 
about 5 per cent of a solvent for the tar, e.g., tar oil or mineral oil, favors 
emulsification. 

Emulgia Vertricbeges. f. Asphalt, Tecr und Strassenprodukte heat 
tar above the critical point of the emulsifying liquid, permitting it to 
flow into the* emulsifying liquid (previously warmed to 95-100°) at such 
a rate that the vapor formed causes the formation of a finely divided 
emulsion without the use of stirring equipment or special and large 
amounts of an emulsifier. The emulsion may be obtained in a concen- 
trated gelatin-like state and be diluted without break-down. The addi- 
tion of filling materials, such as sand, when spread over road surfaces, 
causes the emulsion to break readily. 

Flintkote Co.®’ patented an emulsification process in which the emul- 
sifier and the aqueous suspension of asphalt are led continuously in 
separated streams through a closed receiver in which a rotary stirrer is 
fixed. 

Socony Vacuum Oil Co.^^^ describes an apparatus in which asphalt is 
emulsified in water with a small amount of soap. The equipment consists 
principally of a drum divided into two compartments. In the upper 
chamber the asphalt is mixed by a paddle stirrer with resin or a fatty 
acid, water being introduced in regulated amounts; the lower chamber 
contains the hot alkali solution. 

Champilon uses aqueous emulsions of bitumen or tar, hot and only 
slightly diluted with water. He, as well as Disney,^® describe an appa- 
ratus used for emulsifying tais or bitumen. 

The Comp. Ind. et Miniere du Nord et des Alpes describes a plant 
for the manufacture of tarry, bituminous and similar emulsions. This 
plant comprises a portable melting apparatus for the bitumen, a tank for 
mixing water and the emulsifying agent, an emulsifier, and a tank for 
storing the emulsion. The melting apparatus is heated by an inner 
furnace surrounded by an oil jacket, which is immersed in the bitumen. 
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The other auxiliary apparatus, emulsii&er and heating tanks, are heated 
by means of pipes through which oil from the jacket is circulated. 

The preparation of bitumen emulsions in a colloid mill with addition 
of soap may be improved, with respect to preventing foam formation 
caused by air being sucked in, by placing the mill in a heated bath of 
very Viscous, heavy petroleum.^^^ 

Thalman 222 patented an apparatus for preparing emulsions of petro- 
leum, asphalt and water and other materials. The mixing apparatus 
comprises a jacketed cylinder through which a shaft extends and on which 
discs and blades are mounted. 

Concentric tubes may be used with success for a simultaneous intro- 
duction of the bitumen emulsion, an electrolyte solution serving to 
coagulate it.^^ 

Specific Methods for Stabilization of Asphalt Emulsions 

Geigy A.-G."^® recommends emulsification and stabilization by add- 
ing to the aqueous bitumen emulsions condensation products obtained 
by condensing formaldehyde with phenols or its derivatives, or sub- 
stitution products. The condensation products are soluble in water or 
alkali and may be added to the bitumen before it is emulsified. 

The International Bitumen Emulsions Corporation patented 
bitumen emulsification and stabilization processes. Fibrous or mineral 
fillers are added when emulsions are prepared solely with alkaline water, 
using small amounts of sodium phosphate or, in the case of soap-stabilized 
emulsions, sodium phosphate with an alkaline-earth salt, such as calcium 
chloride, to increase its fluidity. 

Thompson prepared emulsions in the usual manner; but, to make 
them stable to temperature changes, as well as to coagulation when mixed 
with sand, he added a small percentage of bile acids, for example, glydo- 
cholic and taurocholic acid in the form of their water-soluble salts. 
Other ingredients in the bile acids need not be removed. 

For the purpose of preparing stable emulsions of bitumens, dispersing 
them with one part of the emulsifier determined for that particular 
emulsion and mixing the dispersion obtained with the remainder of the 
emulsifier is recommended.'® 

The coatings of bitumen-tone emulsions may be stabilized against 
water by adding to them suitable proportions of a fluorine silicate; 0.5-10 
per cent of ammonium fluosilicate is suggested.'^ 

Bitumen emulsions which break readily may be stabilized by mixing 
them with an alkali caseinate and an acid so that the emulsion has a 
pH value of about 8.5. Formaldehyde ® is added to the mass as pro- 
tecting agent for the casein. 

Relatively stable aqueous dispersions of bitumen materials are pre- 
pared by adding calcium resinate to the bitumen and dispersing it in 
a neutral or alkali solution of an alkali resin soap. The dispersions may 
be further stabilized by the addition of a solution of a normally coagu- 
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lating electrolyte, such as calcium chloride, in an amount equivalent 
to the amount of soap used.®* 

Asphalt emulsions may be prepared by using as stabilizer a soap 
formed from a vegetable pitch, such as cottonseed oil residue. For 
example, 85-98 per cent of asphalt forming an emulsion on heating, 
should contain 15-20 per cent of stearin pitch and less than 2 per cent 
of alkali.*® 

Stable tar emulsions are obtained from tar freed from naphthalene or 
its homologs and then brought to a state of an emulsion in an aqueous 
soap solution.*® The properties of the bitumen emulsion may be 
improved by the addition of clay pastes containing alkali and silicates. 
Earths such as bentonite and wilkenite are suitable.'** 

Bitumen dispersions, prepared in an aqueous solution of an alkali 
soap of solid resin containing a calcium or similar resinate, may be 
stabilized by adding a normally coagulating electrolyte solution in an 
amount equivalent to that of the alkali rosin soap used as emulsifier. 
For example, lime-hardened rosin is prepared by heating at 140° until 
it is homogeneous. After this has cooled, a mixture of solid rosin (fur- 
fural-extracted type) (100 parts) and hydrated lime (3.76 parts) is 
dissolved at 140° in an equal amount of fuel oil (viscosity 6000 sec. 
Redwood I), and 4 parts of this solution is added to 100 parts of 200- 
penetration bitumen. The mixture is then dispersed in a neutral 0.05Ar 
potassium rosinate solution to give a dispersion of 57 per cent bitumen 
content.™ 

A bitumen emulsion stable to alternate freezing and thawing is 
obtained when a bitumen is dispersed in water, using as emulsifier 3-8 
per cent of “B” resin soap with 10-20 per cent of unsaponifiable ingredi- 
ents. The emulsion had a 0.1 to 0.5 per cent excess of free alkali.'*® 
Emulsions of materials such as asphalt or paraffin may be stabilized 
by the addition of saponified products of materials adsorbed upon spent 
fuller's earth used in filtering cracked petroleum vapors and removed 
from it by a suitable solvent such as acetone or benzene.**® 

The stability of bitumen emulsions containing a water-insoluble 
emulsifying agent, such as humic acid or insoluble emulsified lignic acid, 
is improved by adding a water-soluble salt not having an alkali reaction, 
such as sodium chloride, calcium chloride, or aluminum sulfate, in a 
proportion based on the total amount of the emulsion (not above 2 per 
cent). By pouring a melted bitumen into alkaline water, a readily 
breaking emulsion is prepared, which is stabilized when warm by the 
addition of an aqueous blood solution. The pH value of the emulsion 
should be above 9, and preferably between 10 and 11.'®® 

Stable bitumen emulsions are prepared by means of alkali substances 
and by addition of a high molecular substance with citric acid until an 
acid reaction is obtained.'** 

Aqueous bitumen emulsions are prepared in the ordinary manner, 
using sodium hydroxide (2-3 per cent) as an emulsifier and turpentine oil 
(6-9 per cent) as a stabilizer. 
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A stable bitumen emulsion has been prepared from melted bitumen in 
an aqueous solution of an emulsifier which in itself forms an unstable 
emulsion, but may be stabilized by cooling to 100® F by the addition 
of an albumin, such as casein, or a carbohydrate, such as starch.^^ 

Two bitumen emulsions, one comparatively stable and containing 
clay, and the other comparatively unstable and containing soap, may be 
mixed without precipitating the latter if, before mixing, the pH of the 
first emulsion has the same value as that of the second.^^^ 

A stable bitumen emulsion is prepared by the addition of small 
amounts of water containing a soluble emulsifier, such as ammonium 
resin soap, to the bitumen. With further addition of water containing 
the emulsifier, the water-in-oil emulsion may be converted into the oil- 
in-water type.“® 

Yuzhilin proposed methods for forming tar emulsions and dehydrat- 
ing them. He stated that the stability of tar-water emulsions increases 
with their coke dust content (beginning at 2 per cent of dust) and with 
decreasing size of dust particles. The difference in the specific gravity 
of water and tar in the existing liquids does not interfere with the forma- 
tion of emulsions. 

The tar emulsion from Tschcljabinsk coal could be decreased to 5-6 
per cent water content by heating to 45°, and the Moscow generator 
tar could be readily dehydrated to 2.5 per cent by heating in an auto- 
clave to 110°. 

A method of producing a stable emulsion of coal tar and asphalt 
flux oil has been described by Barrett Co. (Fair, Jr.^^). The disperse 
phase of the emulsion contains a predominant amount of coal tar. 
Fifteen parts of oleic acid are added to 250 parts of asphalt flux oil, heated 
to about 100°; then 750 parts of water containing 34 parts of aqueous 
ammonia are added. The emulsion of asphalt flux oil produced has. a 
viscosity substantially greater than that of water. Thereafter, 1500 
parts of coal tar (specific gravity 1.18 or more) containing 45 parts of 
oleic acid, are added, and the whole is heated to about 70°. The tar is 
vigorously agitated with the emulsion of asphalt flux oil. Finally, the 
mixed emulsion is subjected to intensive mechanical disintegration by 
passage through a colloid mill. The second patent relates to incorporating 
an additional emulsifying agent directly in the emulsion formed, thereby 
obtaining a more staMe emulsion than if all the emulsifying agent were 
present during the dispersion of the tar. 

Stable asphalt and bitumen emulsions are prepared by Ovregard^®® 
from an alkaline emulsion formed from sodium hydroxide or tribasic 
sodium phosphate by adding in two portions citric acid or extract of 
peat or certain woods, the former being sufficient to react with the alkali 
and the latter sufficient to raise the pH above 6.5. The action of the 
acid may be retarded by adding small proportions of high molecular 
compounds, e.g., casein. The consistency of the emulsion may be adjusted 
by ftdr^^n£ r bivalent substances, such as calcium chloride or ferrous sul- 
fate. 
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A comparatively stable emulsion of bitumen, water and an emul- 
sifier, such as an asphalt-clay emulsion, and a relatively unstable 
emulsion, such as an asphalt-soap emulsion, are mixed after the pH 
of the former has been adjusted approximately to that of the latter. 
The emulsion obtained is one of intermediate stability and is claimed to 
be suitable for use in road making.^^® 

Stable aqueous emulsions of road tars, pitch, bitumen, etc. are made 
by the Thermal Industrial and Chemical Research Co., Ltd*^-^ by pre- 
paring an inverted emulsion of the watcr-in-oil type from the whole of 
the tar; the quantity of water used is not less than 5 per cent of the tar, 
an ordinary emulsifying agent being added. This emulsion is added to 
and dispersed in a concentrated aqueous solution of an emulsifying agent 
containing not less than one-eighth part by weight of the emulsifying 
agent. The first emulsion is thereby converted into the oil-in-water 
type. 

Barber Co., Inc. (Smith patented the preparation of emulsions of 
the oil-in-water type by dispersing bitumen in the presence of clay in 
water. In order to render the film formed stable to water, metal salts 
are added. For example, bitumen, 45 per cent (preferably 50 per cent) ; 
bentonite, 2-10 per cent (preferably 7.5 per cent) ; water, 25-55 per cent 
(preferably 43.5 per cent). 
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Tar-water and asphalt-water emulsions are often used to protect con- 
struction materials against corrosion. Verona and Fostiropol investi- 
gated emulsions from Pacura of a paraffinic and asphaltic nature. Alkali 
hydroxides in amounts of 0.05 to 10 per cent were used as emulsifiers. 
About 250 different combinations were prepared, and experiments indi- 
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cated that (1) the type of emulsion depends on the order of introduction 
of phases, of the percentage of phases, and the percentage of potassium 
hy^oxide contained in the emulsions; (2) the particle size of the disperse 
phase varies within close limits; (3) the color of the emulsions depends 
on the materials originally used; (4) the stability of the emulsions 
depends on type, the percentage of tar or mixture of tar and asphalt, 
and viscosity; and (5) the viscosity increases with increase in the added 
phase, regardless of whether it is tar or water. 

Smith*®® states that the latest and most important development in 
emulsions is the stabilization of soil. This refers to soil characteristics 
in which the capillarity of the soil and its affinity for water are reduced 
to a point that insures the required bearing strength in the soil under 
actual conditions of exposure in the subgrade. Stabilization is effected 
by uniformly distributing minute particles of asphalt throughout the 
entire clay mass. In soil stabilization the soil is simply rendered resist- 
ant to water entering by capillarity, thereby retaining the bearing 
strength characteristic of the same soil in a dry, compact condition. 

Fostiropol and Verona found that, on mixing an aqueous emulsion 
of an oil with a sufficient amount of powdered calcium oxide, hydration of 
this compound results in conversion of the total mass to an extremely 
fine, homogeneous powder. As a matter of fact, the state of dispersion 
of the three elements (water, oil, and calcium oxide) permits an intimate 
reaction on a vast contact surface. The calcium hydroxide, which is 
formed with development of heat and an increase in volume, adsorbs 
all the oily particles. This phenomenon has been studied for emulsions 
made of mazout of an asphaltic, as well as a paraffinic, nature. The 
results obtained for both were practically the same, the only difference 
being that the latter required a slightly larger proportion of calcium 
oxide. Asphalt emulsions of the water-in-oil type are, in general, very 
thick, their mixture with calcium oxide being resolved with difficulty. 
These emulsions may be made more fluid by heating if, in every 
case, the 35° limit is not exceeded. The stability of asphalt emulsions 
of the oil-in-w'ater type is reduced in the presence of calcium oxide; there- 
fore, to obtain a homogeneous mixture, it is necessary to stabilize them. 

In connection with the work of Fostiropol and Verona, it is interest- 
ing to note that calcium oxide powder and calcium naphthenate act as 
catalysts in the oxidation of asphalt. Kapatzinsky *®®* stated that when 
12 liters of air per minute are passed through a kilogram of oil goudron 
.at 300°, both catalysts act as accelerators, calcium naphthenate giving 
the best results. In large-scale production, calcium naphthenate has no 
accelerating effect. This is attributed to the physical conditions under 
which the reaction takes place, namely, as a result of an increase in 
temperature the amount of air introduced must necessarily be decreased 
and, in addition, the heat originating by the exothermic reaction must 
be dissipated. 

Foulon,^®* discussing the preparation of simple and poly- emulsions 
from bitumen, tar, and mineral oils, states that sludge, soaps, and resins 
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act as stabilizing substances, whereas castor oil and chlorinated high 
molecular hydrocarbons increase the viscosity of mineral oils. Emul- 
sifiable oils or aqueous emulsions from mineral oils are obtained by 
using oil-soluble mineral oil sulfonates, ethanol, amines, and similar 
agents. 

Finely divided fillers with the application of colloidal lime, bentonite, 
and similar colloids, as well as a small percentage of a suitable electrolyte, 
such as sodium carbonate, are dispersed in water and then -mixed with the 
bitumen emulsion.*®^* 

Lewis®® claims that bitumen-water dispersions can be prepared by 
using as a dispersing agent a material of definite characteristics, such 
as: (1) ability to be “wetted” by either the dispersion medium (such as 
water), or the material dispersed (asphalt); (2) preference for the dis- 
persion medium when previously wetted by it in the presence of both the 
dispersion medium and the material to be dispersed; (3) readily dehy- 
drated; (4) non-hygroscopic ; and (5), insoluble and inert with respect 
to ordinary reagent. Aluminum hydrate, preferably in a gelatinous 
state, proved to be very efficient for the dispersion of asphalt in water, 
was thoroughly wetted by it, and did not mix with the bodies of the 
asphalt particles; when the dispersion was dried, the aluminum hydrate 
adhered tenaciously to the asphalt around it and was not wetted there- 
after by water. An aluminum hydrate paste tc^ether with asbestine 
also has been proposed as a dispersing agent. Thus a dispersion of 
bitumen in water may comprise 80 per cent of bitumen, 10 per cent of 
aluminum hydrate paste, and about 10 per cent of asbestine, with 
sufficient water to maintain the dispersion. 

Preparation of Bitumen Emulsions for Road Construction 

Deutsche Vialite G.m.b.H.^* patented coarse dispersions of bitumen 
for road surfacing, prepared by using pitchy products from the evapora- 
tion of sulfite liquor as dispersion agent and stirring with water at 
about 90°. 

Bojanowski®® produced tar emulsions for construction and main- 
tenance work by homogenization of coal-tar, or its stabilization with a 
1:1 mixture of the following emulsifying agents (la and lb or 2a and 2b) : 
(la) soap, pitch, or casein (naphthenic acid) in an aqueous solution up 
to one per cent of the total; (lb) certain chloro- derivatives of aromatic 
compounds in water glass up to 3 per cent of the total; (2a) saturated 
aqueous solutions of humic acid obtained by the oxidation of coal and 
certain chloro- derivatives of aromatic compounds; and (2b) water glass 
up to 3 per cent of the total. 

Plauson ^^® recommended mixing water with the liquid bitumen, 
such as melted asphalt or tar, and subjecting the mass to pressure, after 
which it is mixed to form an unstable emulsion, and then sprayed on the 
road surface. This is a continuous operation. 

Mineral-oil residues, resulting from the distillation of mineral oils in 
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the presence of alkalies, contain considerable proportions of alkali 
naphthenates soluble in water. These bitumens may be made applicable 
for road construction purposes if they are emulsified with mineral fillers 
or mixed with cement and treated with a calcium chloride solution; the 
soluble alkali naphthenates are thus converted into the insoluble cal- 
cium naphthenates.^® 

Bitumens may be emulsified into road construction material by means 
of an emulsifier consisting of a mixture of 10 parts of aluminum oxide 
or some other aluminum salt; one part of petroleum oil, and one part of 
water. If tars, instead of petroleum oil, are emulsified, oils containing 
anthracene are used.'"*® 

A mixture of artificial or natural asphalt combined with powdered 
marble has been proposed ac a preparation for bitumen road material.®® 

Treatment of lubricating-oil fractions with solvents, such as furfural, 
gives extracts which, when mixed with asphalt or mineral-oil residues, 
act as binding agents. Before using, the hot mixture is treated with air 
or oxygen-containing gases.''®* 

An asphalt emulsion for use as a pavement binder is obtained when 
an emulsion of a soft, solid bitumen, such as soft asphalt, is incorporated 
in a hard asphalt emulsion. This soft asphalt is fusible with the hard 
asphalt, and fusion is prevented by the dispersing film formed in the 
interface, which hinders coalescence until the emulsion is dry or has been 
broken. 

Material for road construction may be prepared by mixing heated 
gravel with broken pieces of a viscous bitumen from Kentucky. Shortly 
before the bitumen starts to boil, an asphalt cement is added to the 
mass.*'® 

A road construction mass is obtained ^®® from a colloidal dispersion 
of an earth, such as clay or the like, in water to which a small amount 
of bitumen in the form of an aqueous emulsion is added. The amount 
of bitumen should be so small that no binding takes place. The mass, 
after drying and solidifying, repels water. 

An emulsion, for use in street construction, according to Labourse’s 
patent,^^® consists of a mixture of 500 kg of tar or bitumen, 500 kg of 
water, 10 kg of calcium hydroxide, 2 kg of aluminum sulfate and 5 kg of 
sulfur melted together with the bitumen, after which 2 kg of sodium 
carbonate and 50-150 kg of a substance such as slate fiour or kaolin is 
added. 

Bitumen emulsions suitable for impregnating purposes and street 
construction are obtained from asphalt, tar, or resins, as well as bitumen- 
like masses, by dispersing them in a hot alkali solution with the addition 
of a protective colloid at about 100° ; an alkali casein solution and fatty- 
acid distillation residues are suitable as emulsifiers.^^’' 

Emulsions for road work are obtained by melting a bitumen, such 
as “Spramex,” and emulsifying it with a previously formed emulsion of 
a neutral glyceride, such as bone fat or fish oil, in an excess of alkali 
carbonate solution.^^^ 
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A sulfonated fatty oil is recommended as an emulsifying agent for 
bitumen emulsions to be used in preparing road-construction material. 
The latter are covered with a liquid mixture composed of a volatile oil 
(Diesel oil, coal-tar distillate), the sulfonated fatty oil, and the bitumin- 
ous binding material.^^^ 

A chemically active asphalt, which separates readily from filling 
material, is prepared by heating asphalt with sludge in vacuum, washing, 
and drying at 180°.^^® 

Bitumen^ emulsions for street or like construction are made from a 
bitumen treated with a hydroxide of an alkaline earth. By neutralising 
the acids contained in the bitumen, soaps soluble in oil but insoluble in 
water are formed. On heating the mass obtained to 4(K)-600° F, these 
soaps decompose, forming ketones soluble in oil. This ketone-containing 
bituniSn is then emulsified in-the ordinary manner with alkaline water 
prepared from an alkalis soap of a fatty acid.^®^ 

An asphalt emulsion for coating purposes is prepared by incorporating 
in an aqueous emulsion of asphalt containing china clay as an emulsifier 
(or, if desired, fibrous material like asbestos or cotton) a 0.5 per cent 
lead sulfide concentrate, or its equivalent in red lead oxide or lead mon- 
oxide, as a rust inhibitor.^®® 

A paving material composed of gravel coated with hot bitumen, 
cement and bitumen emulsion and solidified by pressing has been patented 
by Tomasello.22® 

Bitumen emulsions for street construction are prepared by mixing 
a fraction of crude mineral oil containing saponifiable substances with an 
aqueous alkali solution, whereby an oil-in-water emulsion is formed. 
The latter is then mixed with melted asphalt which in itself cannot be 
emulsified with an alkali solution but which, in this case, is emulsified. 

Emulsions for road covering are prepared by emulsifying the warm 
bitumen, such as asphalt, in water in the presence of suitable emulsifiers 
and with the addition of suitable stabilizers. This method readily 
induces emulsification, and when the temperature drops to 40°, one or 
more volatile agents, such as petroleum or tar oil, are added, and the 
process is completed.^®* 

A construction mass is obtained from heated gravel coated with 
hot asphalt. The substances are heated in a mixer with water containing 
the dissolved emulsifier, for example, 0.5 per cent of sodium hydroxide, 
and the water is partially evaporated so that a thin layer of water 
may be formed on the bitumen-coated gravel.^®^ 

Self-emulsifiable asphalts are obtained by distilling an asphalt-con- 
taining petroleum crude oil up to 400° F. and then mixing the residual 
oil under a suitable pressure with a low-boiling solvent, such as ethane, 
propane, or butane at about 250° F, Asphalt is precipitated and separated 
from the oil and solvent. Excess solvent is stripped with natural gas 
or steam up to 400° F. The hydrocarbon solvent may be mixed with 
phenol, cresol, phenylamine, or furfural. Variation in the amount of 
solvent, and temperature of precipitation effect changes in the softening 
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points of the asphalts. Asphaltic emulsions may be prepared (1) as 
quick-setting and (2) as slow-breaking in the following manner: (1) 20 
per cent of solvent-precipitated asphalt obtained by reducing a Ven- 
ezuela crude oil up to 400° F is blended with 80 per cent of asphalt) 
fire-reduced at 620-650° F ; 56 parts of this mixture are heated and added 
to 44.8 parts of hot water containing sodium hydroxide (0.13 part) and 
bentonite (0.07 part). (2) A slower breaking emulsion is obtained by 
blending 60 per cent of solvent-precipitated asphalt with 40 per cent of 
asphalt reduced up to 650° F ; 62 parts of this mixture are added to a 
solution of 0.15 part of sodium hydroxide in 47.85 parts of water.^'®'* 
Colored bitumen emulsions are obtained by mixing coal-tar pitch or 
other bitumens and coloring organic matter with water in the presence 
of blue clay .2^® / 

For road surfacing, the use of colored bitumen emulsion is recom- 
mended. This is prepared by incorporating a bitumen emulsion with an 
aqueous emulsion containing a pigment in which the emulsifying agent 
is an alkali, together with resin and pitch or resin and bone fat.^^® 

Treating bitumens in a definite manner before they solidify on sur- 
faces is recommended. A mixture consisting of 2 parts of bitumen emul- 
sion, 1 part of cement, and 8 parts of gravel is covered with dry cement 
and small irregularly formed metal pieces and then pressed into the bitu- 
men support. 

For road construction, foundation building, and roof laying, the 
material is applied in layers, the upper layer consisting of an aggregate of 
various sizes and cement in proportion to form interstices which are 
partly filled with stone chips, gravel, or sand, as well as with bitumen, 
tar, or similar substances in the form of an emulsion; the lower layer 
is composed of dense concrete, some of the aggregate of which interlocks 
with the aggregate of the upper layer 

Haller discusses an increase in the use of mixed emulsions for road 
building. He gives a table showing the properties of typical earths mixed 
with asphalt emulsions and also one illustrating the method of calculating 
the amounts of stabilizer which must be added to the emulsion for vari- 
ous grades of earth. He deduces a formula which relates percentage of 
stabilizer to particle size of that portion of the earth used which passes 
through a 2()0-mesh sieve. 

Stability of Bitumen Emulsions Used in Road Construction 

As has been indicated, there are many ways in which to prepare 
asphalt emulsions; and emulsions differ in their degree of stability, 
depending to a certain extent on the kind of emulsifying agent employed. 
The general rule that the finer the dispersion the greater the stability is 
also true of asphalt emulsions, but it has been observed that particle 
size in these emulsions usually ranges from 1 to 10 /i in diameter. Levij'^*^ 
studying the size distribution of particles in an emulsion of bitumen in 
water, found that it follows a typical Maxwell distribution curve, with 
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a maximum on the curve at 2-3 /t. The sedimentation of emulsions 
depends -upon particle size, gravity differential, dnd viscosity, as indi- 
cated by Stokes’ law: 

2 r(ff — aw)g 

where U is the settling velocity; r, the radius; o*, specific gravity of the 
asphalt; arWy specific gravity of the water and 17 , the viscosity of the 
continuous phase. Coarse emujsions, according to this 'law, will settle 
more readily than fine emulsions. On the other hand, an increase in the 
specific gravity of the continuous phase caused by dissolving salts in it, 
or an increase in its viscosity caused by dissolving salts or organic sub- 
stances, will cause a decrease in the settling velocity, U, 

In the case of emulsions, the transition to the unstable state is depen- 
dent on the settling velocity. The coagulation or merging of small indi- 
vidual globules into a continuous phase leads to resolution or breaking 
of the emulsions. After the globules have settled, an aggregation or 
clumping together of individual particles to form complex particles takes 
place, and this is what characterizes the phenomenon of “sludging. The 
sludging and the breaking of emulsions are two separate phenomena 
which, to a certain extent at least, are governed by different properties.^®® 

The problem of breaking asphalt, bitumen, or tar emulsions is of great 
importance, because the practical application of emulsions is based on 
the process of breaking them gradually. When the breaking occurs on 
the surface on which an emulsion is spread, the disperse phase must 
adhere to this surface. 

In studying the strength of the adsorbed layer of the emulsifying 
agent, Medvedkow and Sukhina ascertain that bitumen emulsions 
are more stable at low temperatures than at high because of the decrease 
in the strength of the adsorbed layer of the emulsifier on the bitumen at 
high temperatures. The use of bitumen at high temperature lowers the 
quality of the emulsion because of the interaction between the bitumen 
and the emulsifier of the soap. An investigation of the effect of sodium 
hydroxide, sodium chloride, potassium chloride, calcium chloride, calcium 
sulfate, magnesium sulfate, ferric chloride, and barium chloride on bitu- 
men emulsions indicates that univalent ions, when used up to a certain 
point, improve them, whereas other ions cause their partial or complete 
destruction. 

In the case of road construction, the surface is made up of various 
substances, such as stone, sand, etc., and contact with these materials 
affects the emulsion system by changes in the electric charge, in the inter- 
facial tension, and in the displacement of the emulsifier adsorbed in the 
interfaces. As a result of these changes, the bitumen coagulates, the 
water is expelled and, although molten bitumen adheres very poorly to 
the moistened surfaces of mineral substances,®®*^ coagulated bitumen not 
only adheres to the solid surfaces, but binds them together. According 
to Nellensteyn,^®® interfacial tension seems to be the most important 
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factor affecting the stability of asphaltic bitumen solutions. The inter- 
facial tension may be calculated with some restrictions from Antonow’s 
rule: “The interfacial tension is the difference in surface tensions of the 
two phases.^* From this Nellcnsteyn concluded that the flocculation of 
an asphaltic bitumen solution occurs when the flocculating agent has a 
low surface tension and the asphaltic micelles have a high surface ten- 
sion. It was further assumed that various liquids, according to their 
surface tension, may be subdivided into flocculating or peptizing reagents. 
In Table 2 are indicated flocculating reagents with low surface tension 
and peptizing agents with high surface tension. 


Table 2 


Type 

a 20“ (dynr/cm) 

Flocculating Reagents : 

Ether 

17.1 

Benzene, 40®-60® 

17.4 

n-Hexanc 

17.4 

Ethyl acetate 

22.9 

Acetone 

23.1 

Butanone 

23.6 

Intermediate Zone: 

Carbon tetrachloride 

25.7 

Cyclohexane 

26.0 

Peptizing Agents: 

Chloroform 

26.9 

Benzene 

288 

Carbon disulfide 

31.0 

Pyridine 

355 


Nellensteyn mentions few surface-tension determinations of asphaltic 
bitumen at temperatures ranging from 180 to 200°, namely, 23.1 to 25.2 
dyne/cm. At room temperature, they are above 30.0 dyne/cm, and 
therefore are not in agreement with the critical surface tension of 25.0 
to 26.0 dyne/cm marking the boundary between the peptizing and floccu- 
lating reagents. This indicates that the asphaltic bitumen system is 
stable. Asphaltic bitumens vary little in their surface, indicating that 
the same liquids may be used either to peptize or to flocculate them. 
The only difference between the precipitates from dilute ethanol or ace- 
tone and those from benzene is that the former give a “soft asphalt,” the 
the latter a “hard asphalt.” This difference is not caused by their chem- 
ical nature. It does not mean that a lower or higher degree of polymer- 
ization of the bitumen influences the degree of solubility, but that inter- 
facial tension and miscibility determine the nature of the precipitate. 

Regarding natural asphalt emulsions Dodd,*^*^ in his article “On the 
Resolution of Petroleum Emulsions,” indicates that the nature of the 
asphalt solution in crude oil is probably dependent on the ratio of light 
fractions to lubricating fractions. As dispersion of the asphalt approaches 
that of a true solution, the tendency to emulsify should be expected to 
decrease. When diluted with gasoline, the emulsion becomes more stable 
and more difficult to break, indicating that the degree of dispersion in 
asphalt is more favorable to emulsification in light than in heavy frac- 
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tions. Skalmowski emphasized the fact that certain materials, such 
as alumina, in the presence of water may have a destructive influence 
on bituminous substances used for street paving. 

Two conditions are required of a bitumen emulsion for practical 
application: stability and the ability to resist complete breaking over 
a long period of time. This applies to the emulsion before use and not 
after it is placed on a road. If the material hardens too rapidly, spreading 
of the emulsion on the treated surface will be hindered. In another road 
construction method, namely, the penetration method,* rather rapid 
coagulation of an emulsion is required to prevent the unbroken emul- 
sion from diffusing into the foundation instead of spreading on the 
surface. Asphalt emulsions are also used in certain mixing processes 
in which an alkali solution precoats the surface to retard coagulation.^®® 

A further development of methods applicable to asphalt emulsifica- 
tion is necessary to simplify the process and to improve the quality of the 
asphalt bitumen in its practical application. With respect to processes 
of mixing, the literature indicates that two kinds of processes must be 
differentiated: hot and cold mixing. A systematic study of the subject 
is necessary to improve this industry. Perhaps it is advisable to pursue 
research in coagulation, since the practicability of asphalt bitumen is 
dependent on this property. A study of pretreated surfaces on which 
an emulsion is to be laid may also be recommended. The literature is 
barren on these topics. In all probability it may be logical to consider 
both the material to be spread and the physico-chemical properties of 
the surface upon which it is to be laid, namely, the interfacial tension 
as well as the spreading coefficient of the surfaces coated. 

Agthe® considered it important to pretreat the surface to secure 
good adherence of the bituminous coating; the surface is covered with a 
high-boiling oil, for example, a tar oil, thickened by dissolution in it 
of pitch, asphalt, and resin. The oil may also be applied as an emul- 
sion, or small amounts of water-soluble soaps may be added to it. 

Weberns researches seem to indicate that the breaking of asphalt 
bitumen emulsions is due to the withdrawal of water by capillary 
penetration into the stone mass. It is dependent on the amount of emul- 
sifying agent in the emulsion, whether present as free alkali, alkali car- 
bonate, or soap. The pretreatment of gravel with alkali renders the most 
active stones completely passive even to the most unstable emulsions. 
Soap, is less effective than alkali in this respect. Washing an alkali- 
pretreated gravel with water does not restore its activity. 

Reiner improved the adherence and binding power of tar or 
bitumen emulsions (neutral or not alkaline) by adding a dispersion or 
solution of rubber in carbolic acid or its homologs. After the surface 
is covered with the rubber-containing bitumen emulsion, the alkali solu- 
tion is sprayed. To increase the adherence of bituminous masses to 
gravel, a small amount of heavy-metal or alkaline earth phenolate may 
be added.2®’^*^ 

For street paving, Lcaute recommends the use of binding materials 
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whose viscosity increases to a considerable extent and which age rapidly, 
thereby preventing the phenomenon of ''sweating” on bituminous streets, 
considered by this investigator as due to the capillarity of tars and 
bitumens. Particles of mineral additions lying close to one another act 
as capillaries, within which the tar or bitumen is raised, accumulating 
on the dry surface. 

Bitumen emulsions which break readily are prepared from melted 
bitumen and an aqueous solution of sodium hydroxide. For the purpose 
of stabilization, the emulsion is mixed in a centrifugal pump with an 
alkali salt, such as sodium carbonate, sodium sulfate, sodium cresolate, 
or the like.^®^ The addition of blood freed from cells and maintained 
at a pH of 9 may be added to bitumen emulsions which usually break 
readily. 

Nasini, Rossi and Baliau studied the stability of bitumen emul- 
sions with respect to metallic surfaces, and found that no bitumen is 
deposited on tin, silver, or copper surfaces, but that an equal amount 
of bitumen is deposited on aluminum, iron, zinc, lead, and nickel surfaces. 
The coagulating power of the ions of these metals on the same emulsions, 
and the potentials of the various metals when in contact with the emul- 
sion were subjects for investigation. 

Nasini and Rossi investigated the breaking of bitumen emulsions 
when in contact with solid substances, such as limestone, porphyry, 
pyrite, serpentine, active charcoal with varying ash content, and chlorine- 
free silicon oxide gel, as well as the adsorption of methylene blue and 
sodium carbonate, and found in most cases that the decomposition 
values are parallel with those of adsorption. Therefore, it is believed 
that decomposition occurs in the proximity of the solid surface and is 
simultaneously influenced by adsorption and the electrolyte given off 
by the solid substance. In general, it appears that, if the breaking of 
the aqueous emulsions is weak, the influence of adsorption predominates. 

The treatment of bitumen emulsions may be carried out by using 
either method (A) or (B). In method (A) a small percentage of an alkali 
salt of an amphoteric element, such as sodium aluminate, sodium zincate, 
or sodium plumbate, is added to an aqueous bitumen emulsion; this 
salt decomposes on atmospheric exposure of the emulsion, yielding 
aluminum hydroxide, which accelerates coagulation of the emulsion. 
In method (B) the emulsion is treated with a small proportion of a 
volatile alkali reagent and a potential coagulant, such as an ammonia 
solution of cupric hydroxide, ammonium naphthenate, etc , so that, on 
atmospheric exposure of a film of the emulsion, the alkali evaporates 
and the whole emulsion coagulates.^®® 

Analyses of and Tests for Asphalt-Bitumen Emulsions 

Certain methods have been adopted in practice for determining the 
various characteristics of asphalt emulsions which are important in 
their application. In general, the methods employed in different lab- 
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oratories for the analysis of these emulsions are concerned with (1) water 
content; (2) asphalt content; (3) emulsifying agent; (4) total alkali; 
and (5) free alkali. Additional properties of asphalt emulsions formed 
by various emulsification methods are specific with regard to their suit- 
ability in a variety of applications. A number of tests are recommended 
to determine the behavior of asphalt emulsions under the infiuence of 
various factors which alter these systems. Specifications for bitumen 
road emulsions require tests for stability, coagulation, sedimentation, 
demulsibility, binding power, homogeneity of dispersion, and many 
others. 

Methods Employed in the Analysis of Asphalt Emulsions 

Water Content. The xylene or McKesson method.**^ The water 
is determined by distilling a xylene solution to which barium chloride 
has been added. To avoid errors due to condensation of moisture from 
the air, a modified Winkler-Jacques apparatus is used, whereby contact 
with the air is made through calcium chloride. Specifications fix the 
bitumen content at least at 50 per cent, the exact figures being guaranteed 
to one per cent. 

Asphalt-Bitumen Content. Marcusson’s method.’®® The emulsion 
is extracted with alcohol to remove both water and emulsifier, the bitumen 
filtered off in a Gooch crucible, dissolved in benzene, and an aliquot 
portion evaporated to constant weight. 

Determination of the bitumen content in mixtures of coal tar and 
pitch may be made by measuring the dielectric constant. Derivatives 
of mineral coal and crude oil, especially their distillation residues, have 
different dielectric constants; therefore, by determining them in mixtures, 
the composition may be found. Measurements are taken either in the 
unchanged or in the dissolved state.®*®" 

Emulsifying Agent. Marcusson’s method.’®® The alcohol is distilled 
from the above alcoholic extract, which is then dried at 110° and weighed. 
If the emulsifier is insoluble in both alcohol and benzene, it remains as 
a precipitate in the Gooch crucible, from which it is removed, dried, and 
weighed. Neubronner’s method described by Weiss ®*® is considered more 
accurate. Emulsions should be tested for alkalinity, and normal samples 
should show an alkaline reaction. 

Total Alkali is determined by thoroughly agitating and centrifuging 
a mixtime of 20 ml of emulsion, 20 ml of chloroform, 30 ml of water, 
and an excess of normal sulfuric acid. Twenty-five ml of the clear 
aqueous layer are titrated for excess acid. 

Free Alkali is determined by treating the aqueous layer, after 
resolution of the emulsion, namely, separating the soap from 20 ml by 
the addition of 30 ml of saturated salt solution, adding 10 ml of distilled 
water, agitating, and centrifuging. The aqueous layer is titrated with 
jO.IAT acid for free alkali and carbonate. 
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Various Tests for Asphalt-Bitumen Emulsions 

Softening Point. — ^Many tests are available whereby characteristics 
of asphalt-bitumens and their emulsions may be determined. The 
^‘softening point/^ which must be taken into consideration in relation 
to the conditions under which the bitumen is to be used, indicates the 
temperature at which it will soften and begin to flow freely. In the 
brass ring and steel ball method (I.P.T. Method A 20 and A.S.T.M. E 
28-36T), determination of the softening point is carried out as follows: 
The ring is filled with the bitumen and immersed in water contained in 
a beaker, along with the ball. The ball is placed in the center of the 
upper surface of the bitumen in the ring under ordinary temperature 
conditions. The temperature is raised at a specified rate. When the 
softening point is approached, the ball begins to sink into the bitumen, 
tending to fall through the ring. The temperature at which the ball 
has fallen through a distance of one inch is recorded as the “softening 
point.” 

Penetration. — Penetration of residue is a means for determining the 
penetration of the asphalt originally used. A specific penetration of 
residue is a definite characteristic for certain classes of work. Usually 
the harder penetrations are used in well-graded mixtures containing 
fine or fine and coarse aggregate, whereas the softer penetrations are used 
for materials mixed on the job. A penetration of 60 to 100 is permissible 
for surfacing courses, and a penetration of 100 to 200 is permissible for 
materials mixed on the job, or premixtures of open structure. Open 
mixtures require an adhesive asphalt which will not become brittle in 
cold weather, yet remain sufficiently soft to permit further movement and 
interlocking of particles under traffic at normal temperatures, for stability 
in such mixtures depends upon the keying action. 

The penetration test consists in pouring the bitumen into a penetra- 
tion tin brought exactly to 25° and bringing the needle into contact 
with the surface of the bitumen. The needle is allowed to fall freely 
into the bitumen for five seconds. The extent of penetration is recorded 
with accuracy in hundredths of a centimeter. A metronome is used 
for timing the penetration. The penetrometer figure corresponds to the 
distance the needle penetrates the bitumen sample at 25° during 5 
seconds under a load of 100 g (in this case 20 mm). The penetration 
test is also a measure of the consistency of the bitumen (I.P.T. Method 
A 18 A.S.T.M. D5-25). 

Ductility. — ^Harder asphalt may be used in denser mixtures. Duc- 
tility is used as a means of measuring adhesiveness. The ductility for 
the asphalt residue of an emulsion should not be greater than that 
required in standard specifications for asphalt itself. The same pertains 
to the specific gravity of an asphalt residue of an emulsion. Solubility 
is a means of determining the amount of materials, other than bitumen, 
incorporated in an emulsion, such as clays and inorganic substances. 

The distance stretched without rupture is indicative of ductility. 
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According to I.P.T. Method A 19 A.S.T.M. D 113-35, the bitumen to be 
tested is poured into standard molds, and mounted under water at 26° 
in the testing machine. The sides of the molds are detached and then 
stretched mechanically at the rate of 5 cm per minute, or until the bitumen 
thread formed is broken. 

Tests on asphalt emulsions include distillation, viscosity, settling, 
demulsibility, and coating. 

Distillation. — ^The distillation test shows the percentage of light oil and 
water in the emulsion. A soft asphalt will have as high as 3.6 per cent 
of light oils as determined by oven test for five hours at 325° F. It is 
permissible for emulsions which contain soft asphalts to show certain 
percentages of oil distillate. The percentage of asphalt content has a 
direct bearing upon the fluidity of an emulsion. 

Viscosity. — Such properties as viscosity^®* of asphalt emulsions should 
be determined. Viscosity is determined with the Engler viscometer at 
20°, or by modification of the Geissler pipette. In general, an accuracy 
of i° E in the range 2-10° E is obtainable. Emulsions for surface 
dressing should have a higher viscosity than those for penetration. For 
the former type, it is suggested that the English specification for the 
upper limit of viscosity is too low (4-15°). 

The test for viscosity of emulsions containmg fluxed asphaltic 
bitumen has been carried out with satisfactory accuracy by the Danish 
Government Laboratory of Road Research by means of a pipette. The 
experiments, in which capillary pipettes were employed, showed that 
this was possible with an accuracy of i Engler degree when the vis- 
cosity lies between 2 and 10 Engler degrees. The usual testing of vis- 
cosity of an emulsion by means of the Engler apparatus is a rather 
tedious procedure ; that is why it was thought possible to replace it by the 
above method.^®® 

Malette ^®® describes a viscosity test controlling bitumen emulsions. 

Birger and Dahlberg®®* proposed identifying bituminous binding 
agents by viscosity measured in absolute units (centipoise, centistoke), 
using the penetrometer for low-temperature measurements and the 
viscometer for high-temperature measurements. 

Sedimentation. — The settling test indicates the stability of an emulsion 
and is dependent upon fineness of particles, the gravity of the asphalt, 
and the amount of other substances, such as a bentonite, which are 
included in an emulsion to prevent settling. In many instances, the 
ultimate stability is not dependent on settling. 

There are two principal methods for determining sedimentation 
characteristics. In the sieve test, both 100- and 200-mesh sieves are used; 
but an emulsion which shows no residue on a lOO-mesh sieve will be satis- 
factory in practice, since it easily passes through the spray nozzle. In 
this method of sedimentation, the bitumen is determined after a definite 
time of settling. The second method consists in determining the bitumen 
(or water) in the bottom layer. An American modification method 
compares the bitumen contents of the top and bottom layers. Attempts 
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have been made to devise more rapid methods, as the settling tests may 
take three months. 

Meunier and Mathieu originally suggested the use of a centrifuge. 
Twenty ml of the emulsion without dilution was centrifuged at 2500 
r.p.m., the upper layer measured and the lower layer sieved (0.2-mm 
mesh) and then washed with a 2-per cent soap solution. Although the 
centrifuge method gives satisfactory results comparable with those of 
the normal settling tests, the method is not suitable for general applica- 
tion.^®^ Sedimentation tests are usually carried out by placing 250 ml 
of the emulsion in a narrow cylinder and leaving for six weeks (in the 
rapid method, eight days) ; any deposit obtained during this period must 
be redispersed in the emulsion on agitation. 

Nasini and Rossi,^®^* studying the sedimentation of concentrated 
(about 50 per cent) emulsions of bitumen, concluded that Perrin^s law 
is not in order. Actually three layers are formed, namely, a top layer 
practically free from bitumen; a middle layer with a concentration of 
bitumen in the disperse phase corresponding to that of the original 
emulsion, and a bottom layer with a bitumen content up to 60-70 per cent. 
The analytical method used is based either on direct reading of the 
aqueous layer, or determining the bitumen content of the various layers. 

Demulsibility. — ^The demulsibility test is one of the means employed 
to differentiate quick-breaking from other types of emulsions. A given 
quantity of 0.02Ar calcium chloride is added to an emulsion and the 
amount of asphalt recovered after draining the emulsion over a fine 
screen constitutes the percentage of emulsion demulsified or broken. 
Ordinarily, soluble soaps are used in emulsions, for calcium forms an 
insoluble soap with consequent coalescence of bitumen particles. If 
substitutes which dissolve the calcium soap are used, or if sufficient soap 
is present to adsorb the calcium chloride, the demulsibility is correspond- 
ingly low. 

In reviewing the demulsibility tests which have been generally 
adapted in the United States, McKesson lists the following: (1) The 
demulsibility test (Myers) for quick-setting (penetrating) emulsions is 
made with 1(K) g of emulsion and 35 ml of 0.02iV calcium chloride solu- 
tion. To insure quick setting on the road, and freedom from damage from 
traffic and rainfall, the percentage demulsifiable should approach 1(X) 
as closely as possible. (2) The demulsibility test (Myers) for slow- 
setting (mixed) emulsions is made with 100 g of emulsion and 50 ml 
of O.liV calcium chloride solution. To insure proper mixing time and 
proper coating, the demulsibility should not be more than 30 per cent 
when coarse aggregate is to be used, and not more than 5 per cent when 
fine, dusty aggregate is to be used. (3) A settling test is necessary to 
secure a properly prepared emulsified asphalt which will meet the demul- 
sibility requirements and yet remain homogeneous and free irom sediment 
in storage. 

It has been proved by various experiments that when an emulsion is 
diluted with water containing calcium chloride it is possible to ascertain 
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whether it is of a “quick-breaking” or a “slow-breaking” type, and 
particularly whettier the emulsion is “mixable.” Mixed or slow-setting 
emulsions are prepared from emulsions which mix with rock, sand, or clay 
aggregates. The kind of road built with these types of emulsions may be 
classified as (a) retread; (2) cold premix; and (3) hot premix. 

Stability Tests are differentiated as follows: 

(1) Dilution with water containing calcium oxide. Water of 17° 
hardness (German) is added to the emulsion until coagulation occurs, 
the amount required being an indication of the type. By adding water 
containing lime, it is possible to determine whether an emulsion is of a 
“quick-breaking” or a “slow-breaking” type. 

(2) Separation of asphaltic bitumen emulsions is accomplished by 
(a) adsorption on pumice stone; (b) evaporation, i.e., loss of water on 
heating; and (c) extraction of water with alcohol, using Marcusson’s 
method. 

(3) Determination of the emulsifying agent by filtering off the 
liquid phase of the emulsion. The solid matter in the water removed 
or in an alcoholic extract is determined, but the former method is inac- 
curate with casein emulsifiers. 

(4) Stability to cold is investigated by using a 50-ml stoppered 

cylinder as a container and passing the emulsion after one hour through 
a sieve at 8° As .stated by Weiss,^®® an asphalt emulsion is 

resistant to freezing when no change takes place in 50 ml of emulsion 
after cooling from 50° to 5° in one hour, reheating and recooling. 

(5) Myers’ method for testing the demulsibility of emulsified asphalt 
for road construction is used.^^^ It consists in stirring and kneading a 
mixture of 100 g of emulsion and 35 ml of 0.02N calcium chloride solu- 
tion at 25° with a 5/16-inch glass rod. The mixtme is drained through 
a 14-mesh sieve and washed. The beaker, rod and sieve are dried at 
163° F and weighed. For quick-setting emulsions, the per cent demulsi- 
fied should approach 100. For slow-setting (mixed) emulsions, the 
method is modified by using a more concentrated (O.liV) solution of 
calcium chloride. This method is considered to give more consistent 
results than the sieving-washing method and the gravel test. 

Photomicrographs should be taken to facilitate the production of 
successive batches of emulsions having the same degree of dispersion. 
For these tests an emulsion is usually diluted with three volumes of a 
2-per cent potash solution. The range of particle size which must be 
considered in photographing gives rise to difficulties with depth of focus. 
Haidberg found means of overcoming these difficulties by using dark- 
field illumination. The use of a Zeiss epicondenser with a special 
objective is suggested. Diffraction effects which the smaller particles 
undergo are eliminated and the size can be measured. The photographic 
procedure used by Haidberg is successful in obtaining sharp images of 
all particles, irrespective of depth. In stability tests, determination of 
the size of small particles is of great importance. 

Different methods are employed in studying the characteristics of 
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bitumen emulsions used for coating road stone. The coating test 
comprises coating a given quantity of stone with a given quantity of 
emulsion. Three phases are noted as the materials are mixed together, 
namely, stiffening time, clustering time, and stripping time. There 
is no standard stone. Uniform material is used for this test. This test 
is also a means of differentiating the type of emulsion, i.e., whether 
quick-breaking, usually clustering and stripping within one or two 
minutes; intermediate-breaking, clustering and stripping within five min- 
utes, or slow-breaking, clustering and stripping in from 5 to 25 minutes. 

The Italian Institute for Road Research applies a test similar to 
Shimp^s test used in concrete practice. A quantity of mineral aggregate 
is introduced into a cone and saturated with an emulsion. The excess 
emulsion is drained off, the cone inverted on a table and withdrawn, 
leaving a cone-shaped body of stone coated with an emulsion. A series 
of blows is given to the table after certain periods of time. The moment 
when the cone of material does not collapse or its base broadens 
is taken to be the moment when the stone is held together by separated 
bitumen, i.c., when the emulsion is broken. Thus quick-breaking or 
slow-breaking of an emulsion on limestone may be recognized.^^® 

Keppeler, Blankenstein and Borchers considered ^^breakability^’ 
an important characteristic of the bitumen emulsion system, which is 
determined by measuring the amount of bitumen retained by finely 
broken stone when stirred with the emulsion under standard conditions. 
Brcakability is influenced by such factors as the kind of stone used, 
the alkali concentration of the emulsion, the concentration of the disperse 
phase, as well as the softening point of the asphalt. 

Weber 2'*-* described a new test for the breaking of emulsions on 
stone, which eliminates the effect of evaporation. It is based on the 
determination of the bitumen separating on the stone under controlled 
conditions. The process of breaking is interpreted in terms of the amount 
of emulsifier present and the effect of the stone upon it. Vandone-*^® 
improved the Weber-Bechler “breaking index.” Geisler and Kleinert 
described methods for determining the breaking point of road emulsions. 

Caroselli proposed a method for determining the breakability 
of bitumen. This method requires that the emulsion have a bitumen 
content of 50-52 per cent. Two volumes of alcohol are added to one 
volume of the emulsion. If the bitumen precipitates as a lumpy mass, 
the emulsion is classed either as a quick-breaking or a slow-breaking, 
partly stable emulsion; if the bitumen remains in suspension as finely 
divided particles, the emulsion is classed as stable. Ten cc of the emul- 
sion is diluted with 25 cc of distilled water in an Erlenmeyer flask. Two 
cc of 0,02N calcium acetate solution is added from a burette; the mixture 
is shaken one minute, and then heated to boiling. The flask is cooled 
and the liquid decanted into another flask. The first flask is washed with 
5 cc of distilled water and a 0.1 per cent solution of Neptune blue R. G. 
slowly added from a burette to the liquid until the brown color of the 
emulsion changes to olive or greenish. If less than 10 cc is required, the 
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emulsion is quick-breaking; if 10-30 cc is required, it is partly stable; 
and if more than 30 cc is required, it is stable.^* 

Among the methods for testing asphaltic bitumen is that of separation 
by adsorption on porous porcelain plates.^’^®>^®® It has been thought that 
separation through adsorption is the nearest method to the actual working 
conditions, because an essential portion of the liquid phase in both cases 
is removed by filtering. Determination of the other components of the 
emulsifier in the dried bitumen, as well as the asphaltic bitumen separated 
on the road, has not as yet met with success. It has beeh shown by the 
testing method that the ductility of the separated bitumen is materially 
lower than that of the original bitumen. 

Downing ®^ proposed a modification of the miscibility test for asphalt 
emulsions. The asphalt emulsion is diluted in the ratio of 50 ml of emul- 
sion to 150 ml of distilled water, whereby results are obtained more 
rapidly. 

A.S.T.M. Tests for Emulsified Asphalts 

The American Society for Testing Materials has adopted the follow- 
ing tests for emulsified asphalts [A.S.T.M. Specifications D 397-401/34 
T Proc. A.S.T.M., 35, 923 (1935)]. 

1. Viscosity Test (Saybolt-Furol Viscometer). 

2. Distillation Test (A.S.T.M. D 402-36 and I.P.T. Method CB3). 

3. Water Determination (Dean and Stark Method). 

4. Settling Test. 500 cc of an emulsion is stored in a cylinder for 
five days and the asphalt content of the top and bottom samples is 
determined. 

5. Sieve Test. The emulsion is passed through a No. 20 U. S. stand- 
ard-mesh sieve, washed with a 2-per cent sodium oleate solution, and 
the weight of the material retained on the sieve determined after drying 
for 2 hours at 105®. 

6. Demulsibility Test. The emulsion is treated with a 0.02-per cent 
calcium chloride solution with continuous stirring at 25° -I- 0.5°, passed 
through a No. 14 U. S. standard mesh sieve and washed. The weight 
of asphalt coagulated is determined and expressed as per cent dcmul- 
sibility. 

7. The miscibility test applicable to the slow-setting type of emul- 
sion consists in adding gradually 50 ml of the emulsion to 150 ml of 
distilled water and recording appreciable coagulation after standing 
for 2 hours. 

8. Coating Test. The stone is coated with an emulsion, washed, 
dried, graded, and stored. Data as to whether appreciable coagulation 
of the asphalt from the water of the emulsion has occurred, and whether 
the stone is coated uniformly are recorded. 

9. The freezing test consists in cooling the emulsion to 0° F for 12 
hours after thawing and freezing for three periods of 12 hours each. The 
emulsion is either homogeneous or broken. 
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' Acidity of the bitumen may be of interest in connection with emul- 
sification. The acidity of a bitumen is expressed as an acid value, or the 
number of milligrams of potassiiun hydroxide required to neutralize the 
free acids in 1 g of bitumen. 
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Lubricants and Lubricating Oil Emulsions 
Introduction 

The fact that the principles of adsorption at phase boundaries apply 
not only to emulsions, but to lubricants indicates a parallelism between 
emulsification and lubrication. 

For certain purposes, lubricating oil emulsions are very desirable, 
and efforts are being made to make them permanent. Some soluble 
cutting oils, which are emulsions of water and compounded petroleum oils, 
are very valuable for lubricating cutting tools. Such emulsions contain 
a relatively large amount of water and a small amount of oil; thus, they 
are emulsions of oil-in-water. Some of the soluble cutting oils are not 
emulsions, but solutions of soaps, or saponified sulfonated fatty oils.^ 
On the other hand, emulsions very often formed in the circulating system 
of a steam turbine, for example, are very undesirable. They plug oil 
lines, prevent proper precipitation of impurities, and carry them to the 
bearings, causing the latter to overheat and to wear. Whenever possible, 
the occurrence of emulsions in lubricating systems should be prevented. 
Pure mineral oils arc usually used in industry, and their efiBciency as 
lubricants has been found to be improved by the addition of suitable 
polar materials, such as saponifiable fats and oils. Primarily, the active 
agent which enables the saponifiable oils to improve the lubricating 
properties of mineral oils has been considered to be a small percentage 
of free fatty acid, either pre-existing in the saponifiable oil or formed 
therefrom by hydrolysis during lubrication. If it were not for the 
presence of these small proportions of free acids, the saponifiable oils or 
compounded oils would have a low interfacial tension against water. 

Any substance which lowers the interfacial tension causes the liquid 
to spread over a larger area of the solid. Thus substances lowering inter- 
facial tension should act favorably, as far as lubrication is concerned, 
because by preventing rupture of the liquid film they keep the metals 
between which the liquid is placed from coming into direct contact. 

This improvement in lubricating oils is covered by a patent issued to 
Wells and Southcombe,^®® who replaced a relatively large amount of 
saponifiable oil or fat by a relatively minute amount of a suitable free 
fatty or other organic acid in order that the amount of acid would be lim- 
ited and not increase; for if the free acid is present as an impurity or as a 
hydrolytic product of a saponifiable oil, the amount can increase greatly. 
Wells and Southcombe ^®® called a suitable acid the “germ” which, when 
dissolved in mineral oils, imparts to them life and activity as a more 
perfect instrument of lubrication. At the present time, general reports 
on lubricating oils consider graphite to be the most valuable and impor- 
tant addition agent to lubricants; saponifiable fats and oils or free fatty 
acids are only a small proportion of the materials used for improving 
lubrication. 
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In an investigation of a number of S.A.E.^® compounded and non- 
compounded lubricating oils, including Conoco germ-process oil (typical 
of the compounded oils) with respect to surface and interfacial tension 
against water, Roberts found no significant difference in either surface 
or interfacial tensions between Conoco and other non-compounded mineral 
oils. The values were of the order of 12 dynes/cm for an interface 30 
minutes old. The Conoco germ-process oil (compounded with a small 
percentage of oleic acid) gave a value of 12.5 dynes/cm. This is in 
agreement with the statements made by Francis and Bennett*® and 
Harkins,®^ who established the fact that the interfacial tension between 
water and oleic acid is 15.7 dynes at 20° C. Thus, the addition of oleic 
acid to mineral lubricating oil can produce no appreciable decrease in 
the interfacial tension. However, the important factor in lubrication, as 
mentioned by Francis and Bennett, is chiefly the interfacial tension 
between oil and metal — a value not susceptible to direct measurements. 
(Bartell’s adhesion-tension method is, perhaps, the most feasible) . 

Johansen measured the interfacial tension, opm of lubricating oils 
with oleic acid against water, using two samples of lubricating oil, one 
containing one per cent of oleic acid and having an interfacial tension of 
30.1, the other 10 per cent of oleic acid and having an interfacial tension 
of 14.2. He also studied the difference in the behavior of surface and 
interfacial tension in an experiment in which the lubricating oil (always 
containing active substances) was filtered through Floridin (fuller’s 
earth) ; the active substances were thus thoroughly adsorbed, and the 
surface and interfacial tension increased because of purification, but 
the change was found to be greater in the case of interfacial tension 


(<r,«,) than of surface tension (<rp) : 

(Tp ffpvf 

Lubricating oil 31.3 29.4 

Lubricating oil filtered 31.7 42.6 

HI ilia 


Thus the interfacial tension of oils was proved to be more sensitive toward 
foreign substances than surface tension, and orientation was considered 
to be its reason. 

The addition of bituminous matter to mineral lubricating oils, accord- 
ing to Philip,^® causes a lowering of the demulsification value. Therefore 
the constitution of mineral lubricating oils is of importance. Demulsifi- 
cation, in some cases, is brought about by a greater hydrogen ion con- 
centration (higher acidity). 

A typical class of Pennsylvania paraffin-base lubricating oils (the 
so-called Valvoline oils) was investigated by Matbery and Mathews*^ 
to determine its constitution. They found that it contained a number 
of saturated hydrocarbons of unknown composition and identified as an 
isoparaffin mixture (CrH2»42i C»H 2 «, C»H 2 n- 2 , CnH 2 n-«, etc.). The reac- 
tion ability increases in this series, but not to such an extent that these 
hydrocarbons can be identified as olefins. 
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Fatty oils®® are used alone only for a few lubricating purposes and 
to some extent mixed with mineral oils. They represent a very small 
proportion of the total oil used for lubrication. Cup greases which are 
compounded with saponifiable oils are the most important of the grease 
lubricants and comprise over half the total production. The saponifiable 
animal oils include horse and hog fat, tallow, lard and tallow oils, and 
fish and whale oil. The vegetable oils are palm oil, cottonseed oil, soy- 
bean oil, castor oil and rapeseed oil. Lubricating oils® may be com- 
pounded with oils, such as linseed, and with fatty oils polymerized 
with the fluorides of beryllium, aluminum or boron. The polymeriza- 
tion products are subjected to purification (diluted with benzene and 
purified with 50-per cent alcohol), and added to the lubricating oils. 
Another example of a synthetic lubricant is that of Chafneux,^® who 
compounded a lubricating oil consisting of 40 per cent of castor oil, 40 
per cent of peanut oil, 17.5 per cent of mineral oil, 2 per cent of camphor, 
0.25 per cent of acetone and 0.25 per cent of phenyl oxide. 

The products ®® obtained by the refining of crude shale oil from Scot- 
land include motor gasoline, illuminating, fuel and lubricating oils. 
Depending upon the nature of the shale, as well as the retorting and 
refining conditions, the yield of lubricating oils varies. In general, the 
lubricating oils amount to 6.6 per cent; the proportion of naphtha is 9.9 
per cent, burning oil 24.7 per cent, and gas and fuel oil 24.4 per cent. 
The grades of lubricating oil made by this process are not suitable for 
steam cylinders, internal combustion engines, or heavy bearings. Hydro- 
carbon oils obtained from petroleum, coal tar, colophony or mineral lubri- 
cating oils lower interfacial tension when incorporated with relatively 
minute amounts of compounds, such as a 2-per cent commercial ^‘olein” 
(glyceride of oleic acid), and may be used as a lubricating material. 

Petroleum from Baku, Surachan, Balachany, or Bibi-Eibat, when sub- 
jected to fractional distillation, is considered a typical Russian lubri- 
cating oil.®® These oils have a low cold test. Fractions under 300-400® 
have a cold test of —80®, while those at 400-500® give —40®. It is 
known that naphthenic compounds do not oxidize readily; hence those 
lubricating oils which have a high naphthenic content undergo little 
change when subjected to oxidizing conditions. The aromatics present 
can be readily and completely removed. These oils are suitable for use 
in combustion engines ^®® because they have practically no residue, 
remain oily, and never adhere to metal surfaces. These lubricants may 
also serve as transformer and switch oils. 

Lubricating Power as a Function of Various Properties 
of a Lubricating Oil 

The physical properties influencing the character of a liquid or a 
grease to be used as a lubricant are density, viscosity, capillarity (or 
surface tension) , and oiliness. The choice of a lubricant depends also on 
the conditions of service, namely, whether it is viscous or boundary lubri- 
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cation, i.e., lubrication of rapidly moving parts (shafts) supplied with an 
excess of oil under pressure, or lubrication at slow speeds and high bear- 
ing pressure, frequently with a very limited supply of oil. In the first 
case, the frictional values depend primarily on the viscosity of the oil ; 
in the second case, on the so-called oiliness necessary to maintain a film. 

Emulsibility and Viscosity 

The lubricating power may be a function of the emulsibility of lubri- 
cating oils. In general lubricating practice it is believed that the forma- 
tion of water-in-oil emulsions is more frequent than of oil-in-water emul- 
sions. The latter are characterized by a lower viscosity than the former; 
they have a minimum of disperse phase, and it is apparent that no slug- 
gish fiow due to emulsification is encountered in practice. 

According to Ubbelohde,^®^ viscosity of an oil used as a lubricant is 
of great significance in the lubrication of high-speed systems. Whether 
the viscosity test is a very reliable determination of the lubricating value 
of an oil has not been ascertained by practical results. Nevertheless, the 
test is usually carried out according to one of the following three meth- 
ods: (1) passage of the oil through a standard orifice or capillary; 
(2) the rise of air bubbles or the fall of metal balls in different oils main- 
tained at the same temperature ; and (3) the rate of flow of a drop of oil 
down an inclined plane (Bailey) . 

Michell’s ®® ingenious cup and ball viscometer is popular for rapid 
determination. A metal ball fits into a cup and the thickness of a film of 
oil interposed is determined by three raised points on the cup, the supply 
of oil for the film being held by a small groove in the cup, and the tem- 
perature of the cup recorded and maintained at that temperature for half 
an hour. 

Absolute viscosities are determined with capillary viscometers, Ost- 
wald’s being considered the best. The Vogel-Ossag is a viscometer of 
the pipette type, but is not generally used. The Saybolt, Engler, and 
Redwood viscometers are the types commonly known and used. 

Albersteim and Ronheim® proposed a viscometer for investigating 
lubricating oils operating according to the following principle: The oil 
to be investigated is forced under constant pressure through a narrow 
channel and the viscosity is determined by the amount of oil flowing 
through in a given time. 

The temperature at which a lubricating oil ceases to flow is of con- 
siderable importance, especially for oils used in motor-car engines at 
various periods of the year, as well as for oils intended for lubrication 
of refrigerators. Martin ®® proposed a method for a cold test or a pour 
point. The oil is poured into a standard (U) tube 1 cm in diameter and 
is placed in a freezing mixture until it has set; it is then removed, and 
subjected to a constant air pressure, the temperature at which the oil 
starts to flow being noted. The solid point plus 5° F is the “pour point.” 
In daily practice, a given low temperature is often specified, and the flow 
of oil is observed at a temperatxire corresponding to a definite pressure. 
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Wilkin, Oak and Barnard measured viscosities at low temperatures 
under pressure and proved that the laws governing the torque required to 
crank engines depend on the viscosity of the thin oil film on the walls of 
the cylinder. Better flow curves are obtained for waxy oils at low tem- 
peratures under pressure than for asphalt-base oils; in spite of the lower 
cold test, the former have an advantage over the latter. Consideration 
must also' be given to the fact that the original viscosity of a lubricant 
may change on application. 

Osborn noted that raising the temperature of lubricating oils from 
60 to 150° F decreases their viscosity from 90 to 97 per cent, depending 
on their original viscosity, as well as on the nature of the oil. Osborn 
pointed out that oils having steep slopes in their viscosity-temperature 
curves are particularly suited for lubrication of machinery where large 
quantities of water are likely to become mixed with the oil, because of 
the fact that a relatively small temperature increase considerably 
decreases the viscosity. 

Capillarity 

Without doubt, lubrication is a function of the capillary properties of 
the oils used. Wells and Southcombe assume that a satisfactory lubri- 
cant must wet the bearing surface in such a way that pressure causes a 
thin film of the lubricant to move into the constricted areas. The mech- 
anism of the lubrication process is comparable to the reduction in inter- 
facial tension. Whether the latter is a decided factor in lubrication must 
be ascertained. It has been proved that vegetable and animal oils, con- 
sidered good lubricants, have a much lower interfacial tension with 
respect to water than have mineral oils. A neutral glyceride possesses a 
similar interfacial tension. In the case of fatty oils, the lowering of 
interfacial tension is due to the presence of traces of free acid. In lubri- 
cating systems, interfacial tension between oil and metal is to be con- 
sidered. 

The interfacial tension of a number of aqueous solutions against mer- 
cury have been measured by McLewis,®^® Patrick, and others, who found 
that it was lowered by the addition of all the solutes examined, including 
mercurous sulfate, salicylic acid, picric acid, neo-fuchsin, morphine, 
hydrochlorides, caffeine, aniline, and sodium glycocholate. All these sub- 
stances, except mercurous sulfate, lower the surface tension of water, 
yet at the same time diminish the interfacial tension against mercury. 
According to Antonow^s law, these substances should lower the surface 
tension of mercury even more than that of water. Contamination of the 
mercury surface due to adsorption should be expected. The interfacial 
tension of mercury has not been found to be raised by the addition of a 
solute to water, and this agrees with the fact that mercury surfaces are 
readily contaminated. The interfacial tension between oil and a liquid 
metal, such as mercury, was claimed to be very much the same as in the 
case of an oil/water interface. From this it has been deduced that sub- 
stances lowering the surface tension at the oil /water interface will have 
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the same effect at the oil/metal (Hg) interface. On the other hand, 
Harkins^ findings “*2 indicate that interfacial tension of water against 
oil lies in the range of 10-45 dynes/cm; water against mercury is 375 
dynes/cm; and mercury against oil is of the order of 300-375 dynes/cni. 
Wells and Southcombc stated that some substances have a low coeffi- 
cient of static friction when interposed in thin films between metallic 
surfaces. 

Wilson and Barnard, measuring the surface tension of various 
oils, found that substances of low surface tension are not always good 
lubricants; therefore, this particular characteristic of lubricants, in itself, 
is not altogether reliable. 

Wilson and Barnard, state that, even granting that the results 
against mercury surfaces roughly parallel those against other metals, it 
must be emphasized that these results do not have any direct bearing on 
the coefficient of friction between partially lubricated surfaces, in spite 
of frequent assumption to the contrary. Lowering of the interfacial 
energy is only a measure of the tendency of some constituent to concen- 
trate at the metal surface; whether or not this results in lowering the 
friction coefficient depends almost wholly on the nature and structure of 
this adsorbed film. Static friction measurements, in which the effect of 
2-per cent additions of p-cresol and stearic acid to mineral oil are com- 
pared, show that both lower the surface tension against mercury; both 
are, therefore, concentrated at the metal surface. However, although the 
stearic acid film greatly lowers the coefficient, the p-cresol film appears to 
give even slightly higher coefficients than the plain oil. It is believed 
by Wilson and Barnard that a partial lubricating film, to be effective in 
reducing friction coefficients between metal surfaces under high pres- 
sures, must have the properties of a solid rather than of a fluid film, and 
must be of colloidal rather than of ordinary molecular dimensions. 
p-Cresol apparently fails in one or both of these specifications, but 
stearic acid possesses them to a high degree. Bhatnagar and Garner 
gave results with different fatty acids dissolved in mineral oil; linoleic 
acid seems to be more highly adsorbed than palmitic and stearic acids. 
It does seem conceivable, however, that the lowering of interfacial energy 
between oil and metal surfaces could be determined approximately by 
measurement between oil and mercury, the only pure metal which is liquid 
at ordinary temperature. 

Wells and Southcombe considered that the permanence of films is 
dependent on diminished interfacial tension between the oil and the metal 
in contact with it. They further state that if such a film were broken, 
the possibility of its reuniting to form a continuous film depends entirely 
on a reduction in the interfacial tension. Holde and Singalowsky con- 
sidered surface tension measurements significant for lubricants. Ubbe- 
lohde indicated the importance of surface tension, as well as the angle 
of contact, for the penetration of an oil into the narrow spaces existing 
between the bearing and the axle. An attempt has been made to prove 
that if the evaporation of water could be prevented from such substances 
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as cellulose, alkali and molasses solutions, they too would serve well as 
cheap lubricants. But all these substances have a high surface tension 
and a large angle of contact in comparison with mineral lubricants and 
fatty oils. 

Assuming that a lubricant must penetrate the narrow spaces between 
journal and bearings, a liquid which does not wet the solid surface cannot 
be considered a lubricant. Eitner patented the addition of petroleum 
pitch to increase the wettability and to decrease the interfacial tension. 
Dallwitz-Wegner found that lubricating power depends on the force 
with which the oil is adsorbed by the metal, and the tenacity of the oil 
film on the capillarity of the oil and the metal of the bearing and jour- 
nal. A series of methods for the determination of these properties was 
proposed by Dallwitz-Wegner, who found that the lubricating power of 
an oil increases with decrease in its angle of contact and its surface 
tension. 


Adsorption and Wetting Ability 


According to recent theories of adsorption,®^ the surface of an adsorbent 
is considered to be a field of force, which is the resultant of the residual 
valences of the atoms on the surface. Adsorption consists in saturating 
these valences with secondary valences of the adsorbed molecules. The 
heat of adsorption of a liquid on a solid is called the ^'heat of wetting.” 

Bachmann and Brieger® state that the physico-chemical force of 
attraction is the force by which the oil or a constituent of the oil is 
►selectively adsorbed by the metallic surface, and this finds direct expres- 
ion in the heat of wetting. In a table compiled by these investigators 
on the heat of wetting of various powders by different liquids, no values 
higher than 80 cal. per gram of adsorbing substance were obtained. The 
small heat effect prevents its determination at the solid metal surface; 
therefore a much larger surface in a granular form must be exposed to 
the liquid. The following table shows the relation of heat of wetting 
to the lubricating ability; 


Oil 

Castor oil 
Linseed oil 
Machine oil distillate 
Refined machine oil 
Paraffin oil 
Petroleum 
Benzene 

Petroleum+1% oleic acid 


Heat of Wetting (Calories) 

Temperature increase (“C) Temperature increase (®C) 
per 20 g of copper per 100 g of copper 

diluted with benzene vv ithout benzene 


0.018 

0.019 

0.023 

0.010 

0.006 

0.007 

0.003 

0.029 


11.75 

14.45 

14.55 

6.65 

385 

5.3 

22.0 

20.5 


When the temperature increase is plotted against time, the curves 
obtained show a marked ciiange in slope due to evolution of heat by the 
wetting of the copper by the oil. The distance between the prolongations 
of the first and last portions of the curve is taken as a measure of the 
heat of wetting. Benzene appears to have a very small heat of wetting; 
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therefore tlie amount adsorbed by the metal will be small. According to 
Dallwitz-Wegner,^^ the force of friction producing strain on a lubricated 
bearing is dependent on viscosity and heat of wetting, as well as on the 
design of the bearing. 


where i) = viscosity; = heat of wetting; 0 = constant, depending on 
the radius of the bearing, the relative speed of the lubricated parts, load, 
etc., and c = the shortest distance between surfaces. 

Naturally, higher wetting heats are to be expected between graphite 
and an oil than between a metal and the same oil. According to observa- 
tions made by Acheson (G. P. 230,586) , graphite is an oleophilic substance. 
Colloidal graphite dispersed in an aqueous solution is replaced immedi- 
ately by oil from the water phase and adsorbed by it. This is a typical 
case of adsorption displacement, for the water molecules present in the 
graphite are displaced by oil molecules. Therefore, it is to be expected 
that the wetting ability of oils in relation to graphite is especially high, 
and this would explain why graphite is such an excellent “oil saving” 
agent, for it permits the formation of a very thin, stable and viscid oil 
film, such as would be expected from a good lubricating oil. 

The heat of wetting, which was neglected in earlier investigations of 
mineral-oil lubricants, has been determined from the angle of contact by 
Duffing,*® who found that it depended not only on the oil, but also on the 
surface which it touched. In general, the angle of contact is smaller and 
the wetting ability better the greater the pressure. In the case of alloys 
such as bronze, the surface relationship is more complex. 

According to Duffing,*® the “contact angle” which a lubricating oil 
forms when placed free against a lubricated metal determines its lubri- 
cating power. An oil that has a high wetting pressure against a lubri- 
cated metal is a better lubricant than that with a smaller wetting pres- 
sure; for the greater the wetting pressure, the greater the lubricating 
friction. Under these conditions the contact angle serves as a reagent, its 
value determining the degree of lubrication. In testing a series of cylin- 
der oils (A, B, C) with contact angles of 20°, 25°, and 40° respectively, 
the corresponding lubricating power was 1:2:8, or inverse as the third 
degree of the contact angles of the respective lubricants. 

Foreign particles in an oil enlarge the contact angle and decrease the 
wetting pressure. An increase in the surface tension is also undesirable. 
Tar oils, for example, possess a relatively high surface tension and, 
although they have a relatively small contact angle, are not good lubri- 
cants. Therefore, in order to increase the sphere of action of their 
molecules, the cohesion pressure must be increased. By molecular attrac- 
tion in the lubricating layer a wetting pressure Kt, is produced from 
the cohesion pressure of the lubricant and, in general, the cosine of 
the contact angle indicates what portion of the cohesion pressure K 
has been converted into the molecular wetting pressure Kt,, because 
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Kit : K = cos 9 when 6 is the contact angle. Thus cos 0 is the degree of 
action of a lubricating oil. The lubricating power of the lubricant and 
also the lubricating friction depend on the wetting pressure (which is 
several hundreds). The lubricated metal also plays its part, depending 
upon the contact angle, and this determines its suitability for a particular 
lubricating oil.^® 

Oiliness 

Two oils, although similar in their chemical and physical properties, 
may still vary in the amount required to produce minimum lubrication. 
Therefore Duffing and Dallwitz-Wegner defined the lubricating ability of 
such oils as the inverse of the amount of oil required to effect the mini- 
mum in lubrication. The tendency of oils to form an adsorbed layer in 
the interface varies for difterent lubricants. It is considered to be a 
function of the “oiliness” of an oil. Wilson and Barnard called “oili- 
ness” the property of lubricants by virtue of which one oil has a lower 
coefficient of friction (generally at low speeds and high loads) than 
another of the sanie viscosity. In stopping and starting a machine, the 
speed is sufficient to maintain an oil film in the bearings (viscous lubri- 
cation) . By using a lubricant of high oiliness, the maintenance of an oil 
film is assured even when the bearing is at a standstill (boundary lubri- 
cation). In the case of boundary lubrication, the adsorbed film is a 
plastic solid rather than a fluid, having the effect of smoothing surface 
irregularities and minimizing metal-to-metal contact. The structure and 
physical characteristics of this film have great significance in determining 
its efficiency in lowering friction. Hardy and his co-workers, in their 
researches on ruptured films and boundary lubrication, assumed that this 
type of friction follows Amonton^s law of sliding friction, a friction which 
is proportional to the weight of the slider and independent of the area 
of contact. 

Wilson and Barnard pictured a film of lubricant several molecules 
thick, built up according to the orientation of molecules described by 
Langmuir.®*^ Langmuir considers oiliness to be dependent on the chemical 
forces called into play between the active part of the oil molecule and 
the solid surfaces of the bearing. Much evidence has been found to bear 
on the fact that oiliness is a function of the chemical constitution of the 
lubricant. 

Active substances are instrumental in causing oiliness. Rayleigh,®^ 
Woog,^^® Trillat,^®® and Langmuir,®*^ studying the subject of oiliness, 
found that active substances present in the oil form oriented layers on 
the solid surfaces; the hydrophilic group is thus turned toward the solid 
surface and the hydrophobic methyl group away from it. In lubrication, 
smooth surfaces of methyl groups glide over one another because of their 
small mutual affinity! Langmuir has shown that the lubricating film may 
be worn off rapidly when exposed to wear. This occurs much faster with 
a monomolecular than with a polymolecular film. In addition to the 
thickness of a lubricating film, factors favoring the rebuilding of the film 
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when worn off must be considered. Therefore the presence of an oil 
with saturated molecules is preferred, since it spreads readily and may 
transport active molecules dissolved and redissolved in it into the space 
to be lubricated.®®* 

Various Tests for Lubricating Oils 

Oiliness 

There are various methods for measuring oiliness in connection with 
the mechanism of lubrication. Hardy placed a slider on a lubricated 
surface and calculated the coeflScient of static friction from the minimum 
weight required to cause the slider to move. Koethen ®® improved Hardy’s 
method by equipping his slider with three steel bearing balls tightly 
clamped together. Only a small surface comes into contact with the 
lubricated surface, but by a slight rotation of the balls fresh surfaces 
can be exposed. The slider was placed on a lubricated surface and 
inclined at an angle to the horizontal, the minimum angle necessary to 
move the slider being noted. 

The Deeley machine measures the coefficient of friction between plane 
surfaces at low speeds. Hardy and Doubleday and Wilson and Bar- 
nard used a modified method for determining coefficients of static fric- 
tion between lubricated metal surfaces. Wilharm combined the meth- 
ods of Hardy and Doubleday and Wilson and Barnard in the construction 
of an apparatus consisting of a slider on a special inclined plane, and 
detected the^ instant of slip by making an electric contact. 

Wilson and Barnard reported other measurements in connection 
with oilines, i.e., the interfacial energy between oil and mercury, the elec- 
trical resistance, the rate of formation of an adsorbed film on a metal 
surface, and the clogging of fine metal capillaries through which a lubri- 
cant is forced. Results obtained by these methods show that the static 
friction test is the best for determining oiliness, but that it should be 
supplemented by measurements of the thickness of the adsorbed films at 
high pressures in order to clarify the mechanism of action of different 
constituents in lubricating oils. For instance, animal and vegetable oils 
invariably are more oily than mineral oils. The blending of large 
amounts of neutral glycerides with mineral oils greatly improves their 
oiliness, but the same results are also obtained by adding small amounts 
of fatty acids or oil-soluble soaps. The fatty acids which occur in com- 
mercial oils are never pure chemical entities, but rather mixtures of a 
considerable number of fatty acids in varying proportions. 

When the less stable ingredients of lubricating oils are oxidized, lower 
as well as higher fatty acids are formed. The latter are more readily 
subject to further changes than the former. Redgrove investigated the 
effect of fatty acids on the lubricating properties of an oil by measuring 
the coefficient of static friction of a mineral lubricant to which was added 
one per cent of castor oil and oleic, crotonic, palmitic, valeric and butyric 
acids. In agreement with the results obtained by Hardy, it was found 
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that the lower fatty acids, under conditions of lubrication, did not 
decrease the coefficient of static friction of mineral lubricants. It appears 
that the presence of polar groups in short-chain or low molecular weight 
acids does not contribute materially to their lubricating value. 

The lower members of the normal fatty acid series up to capric acid 
are liquids at ordinary temperature; the higher members in the series 
are waxy solids which boil without decomposition only under reduced 
pressure. 

Polarity and Adhesion of the Lubricant 

It is recognized that friction between polished surfaces is caused by 
unbalanced forces of molecular attraction acting across the interface, 
and the lubricant is placed there either to neutralize completely the 
unbalanced forces (perfect boundary lubrication) or to separate the rub- 
bing surfaces beyond their effective fields of force (viscous lubrication). 

To neutralize forces acting at metal surfaces, physicochemically active 
molecules are required. Polar molecules exhibiting secondary or residual 
valence are known not only to be attracted by forces of the metal surface 
but to orient themselves with respect to the surface. The orienting char- 
acter of polar molecules is known from the works by Marcelin,®^ 
Devaux ,22 Langmuir,®^ Adam,^ and Woog.^^^ Furthermore, it has been 
realized that the strength of attraction between the lubricant and the 
metal surfaces depends not only on the polarity of the lubricant, but also 
on the physical and chemical nature of the metal surface. The specific 
forces of attraction emanating from the metal surface and the polarity 
of the lubricants should be considered when improvement of lubrication 
is planned. It has been established by Clark and co-workers that 
forces of attraction between metal surfaces are neutralized by strongly 
polar molecules, such as chlorinated esters of long-chain fatty acids and 
short-chain monohydric alcohols. The fields of force emanating from 
metal surfaces are neutralized by forming an oriented film and by regi- 
menting hydrocarbon molecules in the liquid body of the lubricant. 
Clarkes x-ray investigations indicate that the type and thickness of the 
film depend on the polar compound used as well as on the metal. Strongly 
polar molecules of certain chlorinated esters were found to form films of 
unusual thickness (of the order 9000 A) and regularity of arrangement. 
Polar compounds tested on iron, zinc, cadmium, and copper were: stearic 
acid, methyl stearate, octadecylchlorostearate, ethyldichlorostearate, 
monochlorodiphenylene oxide, trichlorophenol, trichloronaphthalene, and 
methyldichlorostearate. 

The theory of viscous lubrication is rather well developed, but not 
that of boundary lubrication. Both viscous and boundary lubrication 
are obtained by the presence of a definite minimum amount of oil upon 
which the reduction of friction depends. The adhesion of an oil is of 
importance in boundary lubrication. Langmuir considered that the forces 
acting (primary and secondary valences) are physico-chemical in nature, 
and that the polar groups, which determine the symmetrical structure of 
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the molecule, originate these forces. Harkins is of the opinion that the 
strongest polar groups are directed toward the adsorbent only when it is 
more polar than the substance adsorbed, and when the forces acting 
increase with increase in molecular weight. Dunstan and Thole assume 
that the lubricant molecules enter into physico-chemical combination with 
the metal surface. Haure states that a viscous oil, which shows only a 
slight adhesion, is a poor lubricant, whereas a slightly viscous oil with 
good adhesion properties is an excellent lubricant. 

Compressibility and Tensile Strength 

Two other physical properties influence the character of a liquid lubri- 
cant, namely, compressibility and tensile strength, but very little work 
has been done on either of them. Doubts have been expressed in regard 
to the significance of compressibility and tensile strength as determining 
factors in the classification of oils to be used as lubricants. 

The compressibility of liquids is very small. Methods for measuring 
it are based on the works of Canton,^^® Oersted,^® Jamin, Amaury and 
Descamps,®** Guglielmos,®** DeMetz,®®* Richards and Stall,®** Bridg- 
man,®* ^itz and Lechner,®®* and others, and the instrument used is the 
piezometer. Compressibility may be defined as the contraction of a liquid 
in a unit volume per atmosphere. If the pressure is p and p' and the 
corresponding volume V and V, then compressibility, C, may be com- 
puted according to the following equation: 

1 r-r 
c = 

V p'-p 

To convert into megadynes, the value obtained is divided by 1.0137; 
multiplying by 10® increases it. 

By experiment, it was found that mercury has the smallest value of 
compressibility; the compressibility of aqueous solutions of salts is 
smaller than that of water, and the smaller the value the more concen- 
trated the solution. According to Skinner’s investigation,®^* the decrease 
in compressibility with concentration is large for electrolytes and small 
for non-electrolytes. Barus ®* measured the compressibility of such col- 
loids as gelatin and albumen in water, as well as of rubber and ether, and 
found that the compressibility of the solute is almost equal to that of 
the solvent. 

The apparatus for determining tensile strength may be a machine 
of the pendulum type (Henry L. Scott & Co.) in which the pointer remains 
in position when the specimen breaks and is reset by means of a handle 
suspended from a curved quadrant. The Mullen tester (B. F. Perkins 
& Sons, Inc.) consists of a flexible circular diaphragm 6.44 sq cm in area 
and a pressure chamber filled with glycerin. The test specimen is held 
over the diaphragm by a clamp with a round hole one sq in in area; 
when pressme is applied under the diaphragm the material is forced 
into the hole and “bursts” the sample tested. This pressure is read from 
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a dial graduated in 0.5-lb divisions and is increased at a rate of 2 lbs 
per second at a temperature of 77® F. Ten tests are averaged. 

The lubricating capacity of an oil may be measured by the potential 
difference existing between the lubricated and the unlubricated portions 
of a metal, as suggested and demonstrated by Evans.^® Similar observa- 
tions were made by Hackford in practical tests on Diesel engines. 

Resistance to Emulsification and Sludge Formation 

One of the most important requirements of mineral or crude oil 
products used as lubricants is that they shall not form emulsions with 
water, for oils in general possess emulsification properties. As a matter 
of fact, some oils emulsify, and others do not, under the same conditions, 
e,g.t leakage of water into an oil system, churning of an oil with water 
by rapidly moving surfaces, etc., particularly a steam turbine equipped 
with a pressure lubricating system. Sometimes emulsions are produced 
by very rapid circulation, which can be eliminated by increasing the 
settling capacity of the system, decreasing the rate of agitation, and 
giving more time for separation from the water. An increase in the 
capacity of the system does not decrease the velocity of the oil circula- 
tion except in the pump. The velocity with which the oil is circulated is 
determined by the speed and capacity of the pump. The value of an oil as 
a lubricant is dependent largely on the joint properties of the oil and 
the bearing metal and to a lesser extent on its ability (1) to resist emul- 
sification and (2) to separate readily should an emulsion form. In other 
words, an emulsified oil (cutting oil) may be a good lubricant, but the 
film which reduces friction cannot be maintained with an oil-water 
mixture. Of course, very often the water present in such emulsions con- 
tains salt in solution, and the electrolytes forced through the bearings 
may corrode the journals of the steel shaft. 

The steam turbine favors the formation of emulsions. This indicates, * 
therefore, that oil for turbines must be of such a nature that it separates 
readily from water. The kind of water, the boiler steam pressure, the 
speed and temperature of the journals, as well as the character of the 
oil are determining factors in emulsification. If the mixture formed is 
permitted to remain in a state of rest at a temperature which reduces 
the viscosity of the oil, after an interval of time the water may settle 
out and separate completely from the oil. 

The presence of water in transformer and switch oils is a very dis- 
turbing factor, because their insulating ability decreases with an increase 
in water content. Motor oils, when emulsified, are not so efficient in 
keeping an engine cool. This is due to lack of efficient lubrication, causing 
greater friction and generation of excess heat in the bearing rather than 
to any deficiency in heat adsorption by the oil. 

Damanyi® determines the emulsified water in lubricating oils by 
pumping the oil through a cylindrical container the walls of which serve 
as a condenser. The change in the capacity of the inside condensers is 
measured with a Trioden lamp and a rotation circle. 
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Allen and Jacobs,^ in a bulletin issued by the U. S. Bureau of Mines, 
state that water in a lubricating oil forms emulsions which tend to lower 
the durability of the oil and makes it less efficient as a lubricant. 

Emulsification and sludge formation are two principal causes of 
difficulties encountered in lubricated machinery, for the stability of an 
oil can be determined only under actual working conditions. Oil deterior- 
ation has been ascribed to many causes, principally oxidation, with 
polymerization and condensation next in order. Snyder proved that 
no changes occur when oils are heated in sealed tubes up* to 250° for 
five months with and without copper; but, when oxygen and inert gases, 
such as nitrogen and carbon dioxide, are used, sludge is formed only in 
the presence of oxygen. Haslam and Trobich found a similar effect, 
but, in addition, after deterioration of the oil had begun, condensation 
and polymerization products were formed. It is not an established fact, 
but there are certain indications that deterioration is proportional to 
the percentage of unsaturated compounds present in the oil. Ford,^^ 
studying this problem, found that the quantity of sludge formed is pro- 
portional to the amount of unsaturated hydrocarbons contained in the oil, 
and that a direct relationship exists between the state of unsaturation of 
the original oil and its stability. 

Stability 

Certain tests to determine the stability of an oil by measuring its 
degree of unsaturation are recommended for practical application: (1) 
iodine value; (2) the Formolite test of Nastjukoff and (3) NuttaFs 
test for surface tension. A pure, saturated hydrocarbon oil is considered 
as having little or no affinity for water or aqueous solutions of various 
substances; but an unsaturated hydrocarbon oil possesses a marked affin- 
ity for water, caused by the residual valence of the double bond, and 
hence gives lower interfacial tension values. 

Stability may also be determined by tests in which the oil is subjected 
to heat and oxidation for a definite period of time and then examined: 
(1) The Michic sludge test; (2) the Kissling test for coke-forming values; 
and (3) the Steager test for sludge acidity and the presence of super- 
oxides (superoxides are determined by a decrease in the tensile strength 
of cotton when immersed in oil and heated in a copper container for 
300 hours at 112°). 

Sligh heated 10 g of oil in special flasks at 200° for 2i hours in the 
presence of oxygen; Mead investigated temperature influence; Muszatti 
and Volterre'^® considered 200° to be the most suitable temperature; 
Snyder and Steager as well as Baader ^ studied the catalytic action 
of metals upon oils; Hotlyn^® heated small amounts of oil in porcelain 
dishes at 260° under atmospheric pressure and examined the oil micro- 
scopically to ascertain whether it had become heterogeneous and whether 
sludge was settling out. 

It was recommended that tests for determining stability be conducted 
at comparatively low temperatures. To determine the extent of 



PRACTICAL KNOWLEDGE OF EMULSIONS 


m 


deterioration of an oil, measuring its rate of deterioration was suggested, 
although this is not general because many reactions which proceed to 
completion are slow. 

The durability of lubricating oils may be determined by the oxidation 
test.®® Testing oils by the oxidation process is founded on the fact that 
the oil, very finely divided, permits measuring the rate at which oxygen 
is taken up. The dispersion is obtained by means of a special catalyzer, 
while the rate of absorption is measured in a special apparatus, the 
oxidizer. Prerequisites for the measurement are a certain catalyzer and a 
fixed temperature (100®). For each oil a typical line with a definite 
inclination is obtained. For different kinds of oils, the following values 
were obtained. 


White oils 

0.030 

Insulating oils 

0.060 

Turbine oils 

0.080 

Motor oils 

0.100 


From these values curves are derived from which the average life of a 
given oil can be calculated. By means of the oxidizer the degree of 
aging of oils in use may be determined. By aging oils with definitely 
known quantities of oxygen, the abnormal aging of oils in practice is 
easily recognized. 

All lubricating oils should be tested for acidity, moisture, hard and 
soft asphalt, fatty acids, sulfur, carbon residue, wax-like substances, 
naphthenic acids, sulfonatcd oils and soaps and resins; some of these 
substances are oxidation products of mineral oils. Traces of the latter 
products were found by Bryan in every compounded lubricating oil. 

Asphaltic resins, soluble in oil and petroleum spirit, are responsible 
for the discoloration and increase in the viscosity of an oil, and can be 
removed by charcoal and fuller’s earth. Asphaltenes, insoluble in petro- 
leum spirit, but soluble in benzene, are formed by the oxidation of resins*. 

Testing for coke is also important because of the tendency of an oil 
to deposit carbon when burned. For instance, in the internal combustion 
engine of a motor car, carbon deposited on the cylinder head acts as an 
insulator and causes the entering fuel to become overheated, so that 
knocking occurs. 

Dimmig,^® believing that surface tension at the water interface is a 
criterion of the value of an oil, used a special pipette for the determina- 
tion of surface tension and found for each oil a constant, K: 

cc per 100 drops in O.OIA/" NaOH 
cc per 100 drops in distilled water ' 

the higher the value of X, the better the oil. 

Emulsification and Demulsification 

Suitability of an oil as a lubricant cannot be properly said to depend 
on its emulsification or demulsification characteristics. The two pro- 
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perties are to a certain extent, at least, parallel, in that adsorption on 
metal, which is essential in boundary and viscous lubrication, requires 
the presence of polar groups in the oil, and essentially similar polar groups 
are necessary for the formation of water-in-oil emulsions.^® It is not 
denied that case of emulsification is detrimental in internal combus- 
tion engines; but on the other hand, oils which will not emulsify can- 
not be satisfactory lubricants, because, in removing the components 
responsible for emulsification, the ability of the oil to adsorb on metals 
is necessarily decreased. Adsorption at a water interface and on metal 
are essentially analogous and parallel phenomena and require similar 
properties. 

The ''demulsibility*^ of an oil is determined from the number of cc of 
clear oil above the emulsified layer, less the amount of water contained 
in the oil. In practice, demulsification tests are divided into (1) those 
in which the oil is mechanically agitated with water, and (2) those in 
which the water and agitation are provided, at least in part, by blowing 
steam into the oil. The steam test more nearly reproduces turbine con- 
ditions, and steaming provides a good degree of agitation. 

To determine the emulsification values of lubricating oils used in 
steam engines, steam turbines and crank cases, Conradson proposed 
this test method: 20 cc of distilled water and 100 cc of oil are poured into 
a suitable container; the mixture is churned by steam passing through it at 
ordinary pressure; the container and mixture are immersed in a water bath 
at 130® F for one hour, after which they are removed and the following 
determinations made: (1) the volume of separated clear or turbid water; 
(2) the volume of separated clear or turbid oil from which the percentage 
of demulsification is determined; (3) the volume of separated emulsified 
layer (indicates the ability of an oil to form an emulsion) ; and (4) the 
percentage of water or moisture in the separated oil (deducted from the 
‘^demulsification value”) . 

Philip proposed a method whereby the ability of an oil to resist 
emulsification is measured directly. His apparatus consists of an elec- 
trically-driven stirrer operating at 360-400 r.p.m.; 600 cc of an oil is 
mixed with 600 cc of water at 100® and stirred until a homogeneous 
mixture results, after which it is poured into a graduate and left standing 
until layers form. After 24 hours, the volume of oil is read and the per- 
centage calculated from the amount of oil originally tested. Philip 
calls this percentage the “demulsification value” of an oil. According to 
Philip, mineral lubricating oils having a demulsification value of 90 per 
cent or more give no trouble due to formation of emulsions when used in 
force-feed or pressure lubricating systems. 

The demulsibility test adopted by the Technical Committee on Lubri- 
cants and Liquid Fuels of the Federal Specifications Board is as follows: 
27 cc of the oil and 63 cc of distilled water are poured into a 100-cc 
graduate of 1 inch inside diameter, heated on a water bath to 130® F 
and stirred with a rotating paddle at 1600 r.p.m. for five minutes, after 
which treatment an emulsion forms. Readings of the line of demarca- 
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tion between the layer of oil and the emulsion layer are taken every 
minute. The rate of separation of the oil increases up to a certain maxi- 
mum and then decreases; the maximum value in cc per hour, called 
“demulsibility,” is recorded as the numerical result of the test. This 
test is used for motor oils and similar classes of lubricants. The Federal 
Specifications Board requires a demulsibility of 300 for steam-turbine 
oils, as well as for most other oils to which the test is applied. For 
example, if the demulsibility is 400 and the oil has not settled out in 3 
minutes, it has failed to meet the requirements. But, on the other hand, 
even an ideal oil cannot give an emulsibility value greater than 08 per 
cent, because 2 per cent is drainage loss. Obviously, other liquids than 
distilled water can be used with success in demulsibility tests. The Prime 
Movers Committee of the National Electric Light Association suggested 
a solution containing 3 per cent of sodium chloride and 1 per cent of 
sodium hydroxide. 

An almost colorless oil which has been filtered many times does not as 
a rule emulsify as readily as one that is highly colored. There is no 
uniformity in the infiuence exerted by various impurities on demul- 
sification. 

Langston®* reports that elimination of waxes from oils by more 
complete refining decidedly increases their demulsibility, while Philip ” 
claims that the addition of paraffin wax to mineral lubricating oils in 
general does not decrease their demulsification value. 

The fact that small admixtures of fatty oils sometimes do and some- 
times do not alter the demulsibility of lubricating oils is considered to 
be due to residual free fatty acids and/or rancidity in neutral fatty oils, 
and/or whether they contain or are composed of free fatty acids. The 
presence of acids such as naphthenic acids or those left in oils by improper 
refining (sulfuric or sulfonic acids), or acids formed in lubricating oils 
by oxidation under high temperature and pressure conditions, which may 
exist at the bearing surfaces, may cause a rapid decrease in demul- 
sibility. 

Methods for the Preparation of Lubricants and Lubricating 
Oil Emulsions 

Sutherland stated that emulsification in lubricants might be caused 
by sulfur compounds present in the oil used as the result of sulfuric acid 
treatment. Terry and Craig emulsified lubricating oils in sulfuric acid 
at 55-66°, added water, and removed the soluble sulfonic acids. 
Southard patented lubricants made up of a highly viscous mineral oil 
to which 5 to 20 per cent of aluminum stearate was added. Zelikow 
compounded a lubricating grease by heating mazout having a viscosity 
of 4° Engler at 50° and mixing it with comracrical Vaseline and a 
naphthenic soap “Solidol T”; paraffin mazout may be used likewise. 
Rosetuikow*® molded lubricants using briquettes made of acid mineral 
tar neutralized with lime at 100°; fresh or used fiorida earth was used 
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as an adsorbent. Universal Oil Products Co.^®^ obtained lubricants 
by steam distillation of oils in an expansion chamber, condensing with 
aluminum chloride, and refining with steam or distilling in a vacuum. 

I. G. Farbenindustrie A.-G.®^ prepared lubricants by cracking and 
dehydrating paraffin oils, polymerizing and condensing the product 
obtained in the presence of a catalyst and then separating into substances 
rich and poor in hydrogen. 

Imperial Chemical Industries, Ltd.®^ patented a polymerization pro- 
cess for the preparation of lubricating oils. I. G. Farbenindustrie A.-G.^^ 
cracked lubricants of low viscosity and high hydrogen content, obtaining 
oils such as crude benzene and “anthracene oil,” which are polymerized 
and condensed in the presence of cyclic hydrocarbons, i.e., naphthalene- 
and tar fractions. Decavel and Roegiers describe an electric discharge 
method, “Elektrion Process” by which mineral oils are treated with 
hydrogen at low pressures. Through the electro-ionization of oils, they 
acquire high velocities and low temperature coefficients of viscosity. 
Oils obtained in this manner have increased lubricating value, and are 
especially useful in boundary lubrication. 

The Olwerke Stern Sonneborn^® prepared lubricating emulsions by 
mixing limewater with a distillation product of lignite tar. Tar distillates 
may be completely or partially replaced by oil or oil mixtures. Certain 
viscous emulsifiers which will withstand a temperature of 50° may be 
added to produce a stable emulsion. 

Whitcomb improved the stability and quality of lubricating-oil 
emulsions by adding an alcoholic soap solution, thereby reducing the 
surface tension to a minimum. He found that amyl alcohol or fusel oil 
gave the most promising results when used in the following proportions: 
1 lb of potassium carbonate-fish oil soap, containing about 65 per cent 
of water; 4 oz of commercial amyl alcohol; 1 gal of lubricating oil 
(specific gravity 88-90), and I gal of water. The amyl alcohol is stirred 
carefully into the soap solution and the lubricating oil added slowly with 
stirring until the mixture assumes the appearance and consistency of 
an oily salve; after this, water is added, producing a creamy emulsion. 

Kurata®® produced a lubricating compound consisting of 60 parts 
of a mineral oil and a water solution of a plant albumin, such as soybean, 
40 parts of a mineral preservative, such as middle oil, f.e., 2 parts of coal- 
tar distillation product (naphthalene, carbolic acid, or creosote) and 4 
parts of alkali (sodium carbonate or calcium oxide) , the latter preventing 
the lubricant from corroding the metal, and 150 parts of water. 
Heitmann^® obtained lubricants by leading vapors or gases, such as 
compressed air, under pressure into a container partially charged with a 
lubricating oil and adding water from the top; a stable emulsion, is formed. 
Farbwerke vorm Meister Lucius Briining*^'* patented an emulsifier for 
lubricants containing humic acid from black humus (Kasseler^s brown 
fossils, which oxidize and are converted into a dark-colored, high mol- 
ecular, aromatic carboxy-acid, soluble in alkali). Certain plant forma- 
tions (causto-bioliths) , especially humic acid from coal, are valuable 
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emulsifiers after oxidation with nitric acid or with air and nitric acid. 
The oxidation products are dissolved in alkalies, such as ammonia, sodium 
carbonate, sodium tetraborate, or sodium acetate, in the ratio of 3 to 6, 
stirred for a short time with the lubricating oil, and then diluted without 
destroying the permanence of the emulsion formed. This type of emul- 
sion, when dried, may be redispersed by addition of water. When 80 
parts of a 20-per cent mixture of a sodium salt and brown coal are 
oxidized with air and nitric acid and stirred with 20 parts of a lubricating 
oil, a homogeneous, highly viscous liquid is obtained. 

A satisfactory lubricant, in many instances superior to ordinary 
cylinder oil, is obtained by emulsifying cylinder oil. For this purpose 
saturated or superheated steam made of 50 per cent wat(T and 50 per cent 
cylinder oil are emulsified, using 0.015 to 0.02 per cent of calcium oxide.®^ 

“Hydro-formed^^ mineral oil (preferably highly naphthenic), e.g., 
a lubricating oil obtained by destructive hydrogenation at 460-540° 
under 250 atmospheres and a suitable contact time, is emulsified by 
using oil-soluble sulfonates, ethanolammcs, or ethylene glycols as emul- 
sifiers.®^ A sticky, emulsified grease may be prepared from a lubricating 

011. A calcium soap is incorporated into a lubricating oil, the mixture 
cooled, and a dispersion of rubber in oil added. The amounts taken 
are 5-15 per cent of lime soap, less than 5 per cent of uncoagulated latex, 
and less than 5 per cent of water 

Hughes patented a process for making a cutting oil exclusively 
from mineral oil and having such properties that, when mixed with water, 
it forms an emulsion. The mineral oil used was derived from relatively 
heavy Texas crude petroleum distillate, Dunham^® produced a liquid 
paraffin from lubricating oils by treating with sulfuric acid in an amount 
depending on their state of purification. After stirring is completed, the 
sludge is removed, the sulfonic acids are neutralized with a solution of 
ammonia and alcohol, and the liquid filtered through a decolorizing agent,* 
such as fuller ^s earth. 

A lubricant may be jirepared from a mineral or vegetable oil, an emul- 
sifying agent and water in which methyl stearate (2-10 per cent by weight 
of the oil) is incorporated.^ 

Oil emulsions for use as lubricants, or as cooling liquid for combustion 
engines, consist of one part of a suitable oil, part of sodium nitrite, 
and 100 parts of water. In the case of cast iron, the emulsion should 
contain 0.2 per cent of the nitrite and for wrought iron, 0.025 per cent of 
the nitrite should be present in the emulsion.**^ 

Water-in-oil emulsions containing less than 90 per cent of water 
with 1.8 per cent of potassium soap and 3.2 per cent of candelilla wax, 
or 1.4 per cent of potassium soap, 1.6 per cent of candelilla wax and 2.5 
per cent of tallow have been claimed as extreme-pressure lubricating 
emulsions. The free alkali content is low; the pH must be much below 

12. Glycerin may be added as an antifreeze agent.^^®* 

Herrmann and Rochner prepared an emulsifiable lubricating oil for 
metal treatment, such as cutting, drilling, etc. A sulfur-containing agent 
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was added to the hydrocarbon lubricant and an alkali, such as the resin 
or alkali soaps of a sulfonated mineral oil, was used as emulsifier. For 
example, crude maize oil (70 per cent) and a fat (20 per cent) are heated 
with flowers of sulfur (10 per cent) . Sulfur may be introduced also directly 
in the lubricant. If hard water is used in the preparation of the emul- 
sion, adding a strong alkali soap to the lubricating oil is recommended. 

deCew^* claimed an increase in the lubricating value of emulsions 
used on cutting tools by applying colloidal lubricants or fine solid 
particles. Owing to the high pressure and the high temperature at the 
point of contact and at the cutting edge, the lubricating value of the oil 
globules is not as great as it might be, because the viscosity of the oil is 
greatly reduced by the high temperature when it comes into contact 
with the metal and the edge of the tool. The decreased lubricating value 
increases the friction existing at the surface. By mixing oil with graphite 
its lubricating properties can be improved; Acheson was the pioneer in 
the use of graphited lubricants. Steinitz®* stated also that the lubri- 
cating action of a mineral oil increases when colloidal graphite (2 per cent 
Kollag) is added. Walger^®* likewise is of the opinion that colloidal 
graphite markedly decreases the friction coefficient of a lubricant in a 
state intermediate between viscous and boundary lubrication, which 
involves not only its viscosity, but other properties as well. Graphited 
lubricants consisting of an emulsion composed of 20 parts by weight of 
degras freed from fatty acids, 16 parts of kerosene, 76 parts of water, 
8.7 parts of turpentine and 4.4 parts by weight of aqueous ammonia, 
with 30 parts of graphite suspended in the emulsion were patented by 
Thorpe.®® Kerosene may be used as a diluent for the lubricant. 

Suspensions of graphite in water alone have also been used in lubri- 
cation, and talc has been recommended for improving lubricants. Emul- 
sions made up of the latter are prepared as follows: 3 oz of graphite 
and 6 oz of talc are thoroughly mixed into 2 gallons of oil and the mixture 
emulsified in 100 gallons of water. 

Lubricants prepared from aqueous graphite suspensions in the usual 
manner may be improved by lowering the freezing point by the addition 
of an aqueous calcium chloride solution.®* 

The most important factor in rendering an oil suitable as a lubricant 
and in improving its characteristics is refining, of which there are several 
methods. 

Sharpies*® diluted residue-containing lubricating oils, obtained by 
distillation of crude petroleum, with benzene, cooled and centrifuged to 
separate the paraffin from the oil. The recovered oil was separated from 
benzene by steam distillation and found to be highly viscous. 

Borodulin,® commenting on the purity of lubricants, states that an 
admixture of petroleiim lowers the ignition point of the lubricating oil, 
and this decrease may serve as a test for the presence of impurities in an 
oil. Deutsche Erd51 A.-G.®^ patented a method whereby stable lubricat- 
ing oils free from paraffin and brown coal-tar were obtained. Morrell ®* 
used sulfuric acid to precipitate suspended pitchy or coke-like substances. 
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as well as asphaltic materials, from oils to be used as lubricants. About 
5 per cent by volume of a sludge acid, obtained from treatment of a 
cracked distillate with sulfuric acid, is used to treat a cracked residual 
oil at a temperature of 200® F, the yield of the oil recovered being 80 
per cent, with formation of a dense coke-like mass. The liquid was 
neutralized by filtering through a column of lime, and distilled under 
diminished pressure to obtain the lubricating oil. 

Williams and RusselP^® proposed a method for removing metallic 
soaps from lubricating emulsions. A layer of molten paraffin is poured 
on a body of lubricating oil emulsion which contains suspended particles 
of metallic soap. These particles float upward and into the paraffin layer 
and dissolve in the paraffin. 

Mizuta and Toda®*^ claimed that the stability of lubricating oils 
(naphthenic base oils) was greatly improved by hydrogenation, the 
best product being obtained by hydrogenating at 250® F for 30 minutes, 
using as catalysts molybdenum trioxide together with the hydroxides of 
cobalt, chromium and aluminum, followed by distillation in vacuo over 
5 per cent acid earth. Not only the stability of the oil was improved, 
but its color and carbon residue as well. The hydroxides of copper and 
nickel as catalysts materially aided in improving the stability. 

The Standard Oil Development Co.®^ suggests as a suitable antioxidant 
for lubricating oils, especially of paraffin base, phenyl-cresyl or high 
molecular alkylated disulfides, mercaptans, and the corresponding 
naphthyl, anthryl and phenanthryl derivatives. Less than 0.1 per cent 
is effective. 

Spent lubricants may also be purified according to a method described 
by Stutler.®® The used lubricating oil is heated to 225-300® F in the 
presence of water and an alkaline clarifying agent; is permitted to stand 
until clarified, distilled in the presence of steam, and then filtered to 
remove the bleaching agent. 
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Chapter 5 

Laboratory Methods Used in the Examination of 

Emulsions 

Introduction 

In order that emulsions may be treated properly, they are first sub- 
jected to a very thorough laboratory examination. A systematic analy- 
sis of an emulsion is of great importance, since all other procedures depend 
on the knowledge of the substance handled. Before selecting the principal 
methods of investigation that should be applied to the analysis of emul- 
sion systems in order to determine a rational treatment, such as splitting 
them into their separate phases and recovering the commercially useful 
oil, etc., a very important factor must be taken into consideration at the 
well from which the emulsion is obtained. This factor is sampling the 
emulsion to be analyzed. Estimation of the character of an emulsion and 
determination of proper methods for its separation depend upon correct- 
ness and uniformity in taking samples. 

Sampling of Emulsions 

If the sample is taken from the top of the fiuid column, pure petroleum 
may be obtained without traces of the emulsion which might be present 
in the greater part of the production from that well. If the liquid in the 
well is sampled at a great depth only water is obtained. The most 
primitive and rarely used device for sampling oil wells is the “bottle 
method,” which was in operation in the Mid-Continent fields in 1924. 
A description of an apparatus constructed by Butho^^ fa worker in the 
old Grozny district in Russia) is given in an article by Wischetrawsky.'*^ 
It consists of a support at the end of which is a clamp in which a bottle 
for taking the emulsion sample is placed, the bottle being about 8 to 10 
cm in diameter and 15 to 20 cm in length, not including the neck. The 
neck of the bottle is fastened to the clamp and the bottle closed with 
an adjustable cork. The cork is so adjusted that it can be put in tight, 
without force, yet taken out readily. The cork is fixed to an iron bar 
which is joined to a lever attached to a support, the opposite end of the 
lever being attached to a string which passes over a pulley, yet is within 
reach of the man taking the sample. By pulling the string the cork can 
be withdrawn, and when the string is released, the cork returns to its 
original position. A spring arrangement serves to bring the lever to its 
initial position and close the bottle. In order to get the cork into the 
neck, a directing part is used. The support has divisions showing to what 
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depth the device is submerged in the well. After it is submerged to the 
desired depth, the string is drawn and the cork removed. The bottle is 
filled with the liquid surrounding it when the cork is withdrawn and 
the bottle is then closed. After this it can be drawn out with the assur- 
ance that no other kind of liquid has entered the container during the 
sampling other than that taken from a certain depth. 

In the United States, well sampling is done with trap bailers. The 
bottle sampler should be used in wells of much greater diameter than 
are usually found in the United States. On the other hand a sample, 
in order to be a true one, must be taken under normal production condi- 
tions; otherwise no information as to emulsion characteristics can be 
obtained. Methods employed for sampling must prevent loss of light 
fractions and excessive and abnormal emulsification during sampling. 
Among such methods are the ''pressure sampler’* and the "copper tube 
sampler.” 

A copper tube sampler for sampling crude oils is made up of copper 
tubing 4 ft long and ^ to J in inside diameter; each length is equipped 
with suitable fittings for joining together in series, if necessary, to reduce 
the pressure to the desired amount and to make connections to the well 
head or flow line. The uniform pressure drop through the tube tends to 
maintain unchanged the relationship or state of combination of the oil and 
water, so that the sample, when obtained, indicates the state of the mix- 
ture at the point of sampling. "Jetting** (quickly reducing the pressure by 
means of a small opening) of a mixture of oil and water tends, in many 
cases, to emulsify the mixture so that a sample so obtained does not 
represent the state of the mixture in the well head or flow line at the 
point of sampling. This method has been found to be quite satisfactory 
in ascertaining the state of the mixture of oil and water, or the amount 
of emulsification, at the point of sampling.* "Bombs** may be used to 
obtain reasonably true spot samples, but a continuous flow to a sample 
container or testing device cannot be readily obtained with bombs. 

Recently, engineers of the United States Geological Survey, Depart- 
ment of the Interior, at Taft, California, devised a method eliminating 
emulsification in sampling. Copper tubing iV to i or inch in diam- 
eter and about 10 feet in length is connected to a bleeder or other 
outlet by suitable fittings, and the sample is delivered slowly to the con- 
tainer without agitation and with gradual reduction in pressure. The size 
of the tubing used depends upon the quantity of gas produced with the 
oil, and the gravity of the latter. If the volume of gas is sufficient to 
cause blowing and agitation of the oil stream in the W-inch tubing, a 
smaller size is used. Another sampler, described in Bulletin No. 417,^ is 
made of a 4-inch pipe with welded, coned ends, as shown in Fig. 1. The 
sampler or bomb is fitted with a i-inch inlet valve and nipple welded 
into the side to connect the sampler to the well. Three small nipples with 

* Private communication H. G. Barton, U. S. Dept, of the Interior, Geological 
Survey. 

tU. S. Bur. Mines, Department of the Interior, Washington, Bull. No. 417 (1939). 
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Three types of Bottom-hole pressure sampler are illustrated in “The 
Science of Petroleum*^ volume I, page 509 (Oxford), and are classified 
according to the kind of work which they perform, namely, (1) the flow- 
through type described by Lindsley^® and by Stephenson.^*’^ In this 
sampler the chamber in which the sample is to be collected remains 
open until an upper and a lower valve are closed at the required depth. 
The fluid in the well flows through the chamber on the way down. (2a) 
The slow-displacement type, piston-controlled, in which the sample 
chamber is closed until the inlet valve is opened at the required depth. 
The sample is slowly admitted to the chamber either by displacement of 
a piston in the sample chamber as the reservoir fluid enters, or by dis- 
placement of mercury from the sample chamber as the reservoir fluid 
enters, the displaced mercury entering another chamber against a back 
pressure exerted by compressed gas in the second chamber. (2b) The 
slow-displacement type, pressure-controlled; and (3) the sudden admis- 
sion type, in which the sample chamber is closed until the inlet valve is 
opened at the required depth, the admission of the sample being sudden. 
No precaution is taken to prevent reduction of pressure on the reservoir 
fluid. 

Moore described two types of meters for individual well gauging: 
(1) the vapor-tight model and (2) the open type. In the first model 
the weighing mechanism is enclosed in a vapor-tight welded and bolted 
steel tank four feet in diameter and four feet deep. Any gas released from 
the oil passes freely through this tank into the oil discharge line without 
affecting the weight of the fluid. In the standard vapor-tight models, 
the oil is forced through the collecting system under a pressure of about 
20 lbs. The open-type meter consists of two triangular buckets, mounted 
about an axis as a fixed fulcrum, which oscillate back and forth, alter- 
nately filling and discharging their contents. The dumping action or 
oscillation of the buckets is actuated by the weight of the oil in the bucket; 
and the total number of oscillations is recorded on a register. The open- 
type meters are generally calibrated to dump a quarter barrel for each 
complete oscillation, or 75 to 90 lbs while the vapor-tight models dump 
a half barrel for each complete oscillation, or 150-200 pounds. 

The meters working on a gravimetric principle, i.e., weighed through 
the meter, have an advantage over those operated on the principle of 
measuring the oil volume. While an increase in temperature effects 
an increase in volume, it does not change the weight. Gas in solution in 
the oil has only a slight effect upon the weight of the oil; therefore gas 
in solution or occluded does not introduce errors. 

Microscopic Examination 

A microscopic examination is the first step in analyzing an emulsion. 
When magnified, an emulsion is seen to consist of a number of minute 
globules of one kind or another suspended in the surrounding medium. 
In a multiple emulsion, the globules are of two or three kinds intimately 
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intermingled. (The disperse phase consists of water and oil globules.) 
Gas and air globules may also permeate the substance and effect a change 
in their apparent shape and behavior. In some emidsions^ due to the 
amount of mineral matter present in the oil, no specific line of demarca- 
tion between single phases can be stated. The appearance of emulsified 
oil under a microscope is so different from that of crude oil, that the two 
can not be confused by such an examination. 

There are two important requirements for microscopic visibility of 
the disperse phase (globules) in an emulsion: (1) the difference in the 
refractive index: invisibility of globules is not a criterion of their absence 
(^^transparent emulsions”)®®; and (2) the diameter of the globules must 
be greater than the resolving power of the microscope.^^ Hence, if the 
emulsion contains or consists of very small globules, it may be necessary 
to employ ultraviolet light or an ultramicroscope to make the particles 
visible. 

Microscopic examination gives no information whatever as to the 
mechanism of emulsion formation. An emulsion of constant water con- 
tent, examined under a microscope using low power, shows that the ratio 
of drop diameter to drop spacing is independent of the drop diameter, 
i.e., the spacing of the globules of the disperse phase is a function of the 
percentage of the disperse phase. If more water is added, the water 
globules gradually become more closely spaced than their diameters. 
An emulsion of an oil of low specific gravity free from suspended matter 
is very mobile, whereas an emulsion composed of a heavier oil, irrespec- 
tive of the amount of suspended matter with the same spacing of globules, 
is very viscous. 

The tendency of an oil to emulsify can also be examined under a 
microscope. Young gives an illustrated description of an artificial 
emulsion prepared by mixing water, petroleum oil, and an emulsifier 
called ^^*resoap” (a mixture of soft soap and cresol) which exhibits, under, 
a microscope, flowing and revolving movements resembling those seen in 
living protoplasm. Young^s microscopic observations of emulsification 
are quoted as follows: ‘'AVhen water touches the oil, the cresoap rapidly 
forms a broad black wall — ^the main interface between the oil and the 
water. As the cresoap dissolves in the water, changing the surface ten- 
sion, the main interface wriggles and the horizontal and vertical rotating 
currents emulsify the oil and water in each other. A tough interface is 
formed by the dissolved soap around each globule of oil. Due to the 
presence of like charges, globules are repelled, bouncing away from each 
other like rubber balls. 

Scott investigated the process of petroleum emulsion formation and 
showed how globules arc produced by swirling currents. A petroleum 
emulsion containing wet clay showed pointed figures which contracted to 
form globules. The wet clay, being a good adsorbent, is an emulsifier 
which makes the separation of an emulsion formed very difficult. For- 
tine,®® in his article on “Oil Treating Methods,” illustrates typical crude- 
oil emulsions by photomicrographs (Fig. 3). A general view of several 

(Text eont’d on page 480) 
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Fig. 4. Elkhills Emulsion. 

Emulsion 9.2%, Emulsified Water 8.2%, Free Water 3.0%, Chloride Concentration OMN, 

Gravity 10.7® B6. 
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Fig. 5. Buena Vista Emulsion. 

Emulsion 0 8%, Emulsifiocl Water 0.2%, Free Water 0.8%, Chloride Concentration 0.593iV, 

Gravity 25.7* Bi. 
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Fig. 6. Coyote Hills Emulsion. 

Emulsion 3.8%, Emulsified Water 0.8%, Free Water 0.8%, Chloride Concentration 0.231 AT, 

Gravity 24.8* B4. 
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Fig. 7. Casmalia Emulsion. 

Emulsion 34.5%, Emulsified Water 24.0%, Free Water 25.0%. Chloride Concentration 0.078/V, 

Gravity 11.7® B5. 
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emulsions, as seen under a microscope and taken from the work of 
Abozeid,® is illustrated in Figs. 4, 5, 6, and 7. 

A microscopic method for determining the type of emulsion has been 
reported by Carriere.^®*^® This method is based on the same principle as 
the determination of the refractive index, n of minerals (see Schroeder 
van der Kolk: ^^Tabellen zur Mikroskopischen Bestimmung der Mineralien 
nach ihrem Brechungsindex,” 1906). Parallel rays of light passing through 
a drop of oil in water converge, because the refractive index of oil is 
greater than that of water. In the case of a drop of water* in oil, the 
rays will diverge. Oil-in-water emulsions, when illuminated with parallel 
rays of light from the right, will deflect these rays, those from the left 
entering the objective, while those from the right will be invisible. There- 
fore, under a microscope, one will see an illuminated border on the right 
side of the drop, while the other side appears dark. A drop of water in 
oil gives the opposite effect. Instead of applying rays from one side, 
insertion of a diaphragm in the shape of a half moon between the con- 
cave mirror and the condenser of the microscope is recommended. 

Processes taking place in an emulsion, such as coagulation, resulting 
in the discontinuance of the Brownian movement, can be observed under 
a microscope. Changes in the distribution of particle sizes by taking 
number distribution curves in time are important factors in evaluating 
the stability of an emulsion system.*^ The character of resolution of an 
emulsion, under the influence of treating agents, may be roughly esti- 
mated. The effect of heat and electric treatment, dilution, etc., upon 
emulsion systems may be followed from corresponding photomicrographs. 
Abozeid ® observed the effect of heat (Fig. 8) and of electric treatment 
(Fig. 9). 

In microscopic examinations of emulsions any magnification may be 
used, depending upon the degree of detail to be observed. Magnifications 
from about 80 or less to 1800 are usually employed.®^ With a magnifica- 
tion of 500 or more, the field becomes much smaller, and single areas may 
be seen in which it is easy to observe Brownian movement. 

A polarization microscope is a convenient instrument for the examina- 
tion of emulsions. By its use admixtures, such as crystals of paraffin, 
may be differentiated because of their double refraction. S. Berkman,® 
studying viscous oil-water emulsions, such as pure cedar oil-water, olive 
oil-water, and Stanolax oil-water under a polarization microscope, 
observed between crossed Nicol prisms the following phenomenon: A few 
of the oil droplets in the polarizing plane appeared as spheres having 
four dark spots at the edge of the oil droplet, and between the dark 
cross so formed, bright spots of the droplet edge were outlined. The 
edges of the dispersed oil droplets of different sizes and shapes exhibit 
polarized light with varying intensity and a variety of colors. The colors 
produced, as well as the intensity of the polarized light displayed, are 
visible only at the edge of the oil droplet and disappear in the direction 
of the center of the droplet. The cross formation at the edge of an oil 
droplet in the emulsion observed is due to polarized light, and must be 

(Text cont'd on page 483) 



EXAMINATION OF EMULSIONS 


481 



Fig. 8. Elkhills Emulsion. 

Heat Effwit on Etnul.m'on?. Toinporaturc Applied 38.5®C. Time of Exposure 40 sec. 
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Fig. 9. Elkhills Emulsion. 

Elertriral Trontment of Emulsiona. Voltage 110; Time of Test 5 sec 
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regarded as the result of a ‘‘surface polarization.” Whereas ordinary 
double refraction is due to the presence of a double refracting substance 
inside of an oil droplet and corresponds to internal polarization of a 
crystalline substance, in the case of non-crystallized substances, such as 
emulsions, the polarization occurs at the edge of the oil droplet, which 
is the boundary surface with respect to the water medium. In the case 
of emulsions, the surface colors are produced by surface refraction, and 
the change in colors is due to a change in the angle of incidence of light. 
This change in colors occurs in the vertically polarized light, the colors 
themselves being the result of the reflection of a thin layer at two boun- 
dary areas where the reflected rays of light interfere. From the observed 
“surface polarization” phenomenon occurring in certain viscous emulsion 
systems, the following requirements for its existence may be enumerated: 
(1) a great difference in the refractive indices of oil droplets and the sur- 
rounding dispersion phase; (2) a definite kind of polarization of the 
reflected light; (3) a definite magnitude of the angle of incidence of light. 
Regular, round droplets exhibit the best polarizing effect. 



Fig, 10. Construction of a Derivative Curve 
(S. Berkman). 

A new type of Leitz microprojection equipment fitted with a special 
collimator of strong light-transmitting power is very useful in obtaining 
number distribution curves.*^ By means of a projection prism above the 
occular, the image obtained in the microscope is projected on a screen of 
millimeter graph paper attached to a wall opposite the projection prism. 
The distance of the screen from the microscope stand is chosen so that 
each millimeter of the graph paper corresponds to one micron (microm- 
eter calibration) . In the microscopic examination of an emulsion, special 
precautions should always be taken when using an arc lamp as the 
source of illumination. To counteract the influence of heat, cells contain- 
ing heat-absorbing solutions (such as a solution of ammonium ferrous 
sulfate to which a few drops of sulfuric acid have been added to prevent 

(Text eont'd on page 486) 
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•, AA^ 2 DAYS OLD,* 9 DAYS OLD; ▲, CC' 13 DAYS OLD; I, DDJ 2 MONTHS OLD 
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-OCTANE-WATER EMULSIONS 
k,CC; 2 MONTHS OLD; ■.DDJ I DAY OLD 
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oxidation on exposure to air), special glass screens, and cooling systems 
are recommended. In the case of slides which cannot be closed tightly, 
use of adsorbing cells to prevent evaporation and drying of the emulsion 
is advisable. Adsorbing cells are ordinarily used to eliminate heat effects, 
such as induced thermal agitation in the specimen; but in ultramicro- 
scopic practice they also prevent thermal distortion of the dark-field 
condensers. 

The kinetics of changes in emulsion systems with time cannot be fol- 
lowed from number distribution curves alone, because it is necessary to 
pursue small rates of changes in the physical mass; therefore a mathe- 
matical analysis must be applied. S. Berkman devised a method for 
measuring the stability of emulsions by deriving mathematically the 
differential curves for the corresponding integral curves obtained by plot- 
ting directly the distribution of sizes of oil droplets and the corresponding 

dy 

percentage of droplets. In the evaluation of the derivative, y' , 

dx 

where the function is known analytically, differential calculus or a graph- 
ical method must be used. Geometrically, the procedure consists in 
applying the principle that the ordinate of the derivative curve at any 
point P'{x,yy is equal to the slope of the integral curve at any point, that 
is, of the tangent at the corresponding point of the integral curve. The 
practical construction of the derivative curve is shown in Fig. 10. 
Point S( — 2,0) is chosen at a convenient distance to the left of the axis ?/, 
and a line parallel to the tangent is drawn for each point of the integral 
curve. This parallel cuts the ordinate axis at the point C/. Since SU 
forms with the axis *x the same angle a as the tangent t, then OU = 

= Vy and the point U projected horizontally on the ordinate from the 
point P cuts it at P', which is the point on the derivative curve corre- 
sponding to the point P of the integral curve. Since 7' = \/a^y.dx, 
then dy/dx = 1/a 7. The slope of the integral curve at any point is 
proportional to the ordinate of the derivative curve at the corresponding 
point. Derivative curves for the integral curves constructed in this man- 
ner are presented in Figs. 11, 12, 12a, and IS."^ 

By means of an integraph, Bailey, Nichols and Kraemer ^ devised a 
method of calculating the relation between the optical absorption coeffi- 
cient of a colorless emulsion and the radius of the particles from a series 
of “weight optical” distribution curves determined with a Svedberg low- 
speed ultracentrifuge. A particle size distribution may be expressed 
as a relationship between concentration and particle size, dc/dr and r, 
where dc/dr is proportional to the weight of particles having a radius 
between r and r + dr. The ultracentrifuge gives the relation between the 
absorption coefficient d/{KC)/dr and the radius r, whereby K is the 
apparent absorption coefficient of a suspension of particles with radius r. 
For a suspension of colorless particles in a colorless medium, the “absorp- 
tion” is entirely due to scattering, and the absorption coefficient provides 
a measure of the light-scattering power of the suspension. The relation 

(Test cont’d on page 491) 
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Stanolax-Water Emulsions 

A, ^', 0 M M sodium oleste, twelve dsys old; », BB',-0.0S If sodium oleate 
seven days old; O, CC', 0.10 M sodium oleate, seven days old; ■, DD' 0.005 U 
sodium oleste, four days old; V, EE', 0.005 N sodium oleate, twelve days old. 

Fra. 13. 
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based on the principle of a two-dimensional moment balance. If the 
“weight optical distribution” is expressed by the equation: 

d(KC)/dr = /n(r) 

and the variation of the absoiption coefficient K with r by the equation 

1/K = f (r) 

then 

1 fn{r) .Fir) =^1 

/*inlB 

Each weight optical distribution is represented by a particular fir), and 
from a series of integral equations equal in number to the experimentally 
determined weight optical distribution Fir) is calculating. 

The interfacial film involved in emulsification is not colloidal in nature 
as a rule, and the ultramicroscopic droplets of emulsified oil do not con- 
tribute largely to the total area of the oil-water interface. Sometimes 
both the aqueous phase of an emulsion and the soap solution from which 
emulsions are prepared are investigated in a slit ultramicroscope (Leitz). 
Usually the colloidal particles present in the original soap solution are 
counted and subtracted from the count made on the emulsion. If the 
particle volume in emulsions is known (modified Babcock test) , the aver- 
age particle diameter may be calculated. A quantitative ultramicro- 
scopic examination involves determination of the number of ultraraicrons 
in 1 cm® of the disperse system and calculation of the average particle 
diameter, assuming a definite form for the ultramicroscopic particles. In 
principle, the method consists in determining the average value, m, of 
the number of particles by counting those showing Brownian movement. 
If, by a concentration determination, the gram weight, G, of the disperse 
phase is known, then the weight of a single particle is 0/m (the par- 
ticles or globules are assumed to be of the same size, and the system 
monodisperse) , and the particle volume, G/(Af.5)cm®, where S is the 
specific gravity of the particle. By assuming the particles to be uniform 
and cubic,* with edge length id), then d may be considered as the par- 


ticle diameter and therefore equal to Other methods may be used 

M.S 

in determination of particle diameter, namely, calculating it from the 
intensity of the reflected light. However, this method has little practical 
application. 

Test Methods 

Methods of testing emulsions and their components are either physi- 
cal or chemical in nature. Some of the teste characterize the prop- 
erties of the material tested with respect to the service it renders; others 

*It is desirable to consider the particles spherical in form rather than cubic, as 
this is true in practically all emulsion systems. 
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indicate the degree of refining; and, finally, there are tests which com- 
ply with certain specifications or requirements. 

A liquid in the form of a freely suspended drop and upon which no 
external force exerts an influence assumes the form of a sphere. The 
tendency to acquire the smallest specific surface is designated as the 
action of tension, and originates at all boundaries between phases. Sur- 
face tension exists on the surface of liquids or solid bodies, and inter- 
facial tension operates at the boundaries between solid, liquid, or gaseous 
phases. Surface tension is o- = work/surface, and when expressed in the 
CGS system, the unit is 1 erg/cm^ = 1 dyne/cm. It is the interfacial 
tension which plays a significant role in the case of disperse systems, for 
the smaller the interfacial tension between the disperse part and the dis- 
persion medium, the less boundary energy will be required and the more 
effective will be the dispersion process. This relationship is especially 
pronounced in the emulsification of two liquids having a small interfacial 
tension. In order to facilitate emulsification of oil in water, substances 
decreasing interfacial tension are added. The molecular theory of boun- 
daries is related to cohesion, adhesion, polarity, and capillarity. Surface 
tension originates in the cohesion of molecules. On the inside of a liquid, 
where a molecule is surrounded by other molecules, the cohesion tendency 
is saturated; but at the surface of a liquid, where a molecule touches 
others only in the liquid side and faces free atmosphere on the other side, 
the cohesion tendency is less saturated, and work, corresponding to the 
value of cohesion, must be applied in order to bring the molecule to the 
surface. This work, identical with surface work, is equal to the product 
of surface tension a and surface /. A liquid/liquid or a liquid/solid boun- 
dary originates when both phases form free surfaces (against vacuum), 
and when these are brought into contact. In the first stage of this proc- 
ess, work against the cohesion of the molecules must be applied; in the 
second stage, work is gained in the form of adhesion between the two 
phases. The total boundary work (o-a.b) is, therefore, composed of cohe- 
sion (cTa + (Tb) and adhesion {A = ac + o-b — cr^.b). Adhesion values of 
organic liquids toward water show a relationship with respect to the 
molecular properties of the liquids. The adhesion of normal paraffins is 
comparatively small, 36-48 erg/cm^; but when hydrophilic atomic groups, 
such as hydroxyl and carboxyl, are present in the molecule, adhesion is 
markedly increased. In the first place, it is a function of the end group 
and, in the second place, it depends on the size of the reifiaining part of 
the molecule. This indicates an orientation of molecules in the surface 
whereby the hydrophilic end group touches the water, while the remain- 
ing part is directed toward the interior of the liquid. 

The hydrophilic end groups, which increase the adhesion toward water 
(likewise the solubility in water), are polar, i.e., possess an electric dipole 
moment, while the remainder of the molecule is non-polar. The hydro- 
philic character of polar end groups arises chiefly from the electrostatic 
adhesion of strong polar water molecules. Molecules of liquid containing 
hydrophobic groups in addition to hydrophilic atomic groups orient them- 
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selves in the interface toward water in such a manner that for the most 
part the hydrophilic groups touch the water. Likewise, solutions con- 
sisting of molecules of various cohesion and adhesion values orient them- 
selves so that those with weak cohesion and strong adhesion stand at the 
interface. The accumulation of atomic groups, as well as of molecules 
in the boundary, is parallel with a decrease in the interfacial tension, 
such atomic groups and molecules being designated as “capillary active.” 
The accumulation of “capillary active” substances at the interface is a 
diffusion process and requires a certain period of time; the 'final value of 
interfacial tension is established gradually. 

Typical “capillary active” substances in aqueous solution are soaps. 
A concentration of one per cent suffices to decrease the surface tension 
against water to one-half ; against oil, the decrease is still greater. Pro- 
teins, dyestuffs, etc., are examples of colloids which exhibit strong capil- 
lary activity. 

Among molecularly dispersed capillary active substances are those 
which contain in the molecule a hydrophilic atomic group (bringing about 
dissolution), in addition to a capillary-active hydrocarbon group, for 
example, fatty acids, alcohols, urethanes, etc. Traube’s rule shows that 
capillary activity in the homologous series of alcohols, as well as in other 
homologous series, increases with an increase in chain length. There- 
fore, in order to obtain the same decrease in surface tension, it is neces- 
sary that each successive higher member of a homologous series be taken 
in about one-third of the concentration of the previous member, which 
is smaller by one CH 2 -group. On the contrary, hydrophilic substances, 
such as inorganic salts, are inactive; they increase the surface tension. 


Surface-tension Measurements 


The following methods for determining surface tension are discussed 
in some detail: 

The Capillary Rise Method. As a measurement of interfacial tension, 
this method may also be used for measuring the surface tension of molec- 
ularly and colloidally dispersed systems. Liquids rise when they are able 
to wet the walls of a capillary tube. As the liquid tends to spread over 
the whole inside of the tube, the surface tension has the tendency to 
decrease this surface with respect to the gas space, drawing the liquid to 
the top. An equilibrium is finally established between the force, the 
surface tension, and the weight of the lifted liquid in the capillary. 
If the diameter of the capillary is 2r, then the force acting is 2irr<7 
iff — surface tension), and the weight of the lifted liquid r\hgd, where h 
denotes the height, and d, the density of the liquid. Therefore, in the 


equilibrium state: 2trra = r\hgd, and a = ^rhd. This equation indi- 

A 

cates that the higher the capillary rise the greater the surface ten- 
sion.®^’**'^^*’^ 


Ferguson and Dawson,®* as well as Edwards,®^ used a manometer to 
measure the pressure required to force a liquid down to the lower end of 
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a capillary tube immersed vertically in it. If hi is the manometric 
pressure; * 2 , the depth of immersion of the tip in the liquid; di, the den- 
sity of the manometric liquid (paraffin) ; do, the density of the liquid 
examined; r, the internal radius of the tube at the tip, and a, the surface 
tension, then the latter is expressed as follows: 

r 1 * 

ffssg — (dihi — djit) + gdt — 

2 6 

Usually, a simple capillary tube, or a U-tube with tubes of different 
diameters, is immersed in the liquid and the level difference accurately 
read, using a cathetometer. The advantage of this method is that a 
capillary of uniform bore is not required, and it is only necessary to 
know its diameter at the point to which the meniscus has been adjusted. 


Fia. 14. 



The Bubble Pressure Method. This method operates on the principle 
that surface tension is due to the relationship between the excess pr^ure 
p in dyne/cm® necessary to overcome capillary pressure and the capillary 
radius r, according to the equation: <t = l/2pr dyne/cm. A narrow 
capillary with sharp edges at the end is immersed in the liquid to a 
specific depth. By excess pressure an air bubble originates, and the pres- 
sure at which the bubble tears off is measured.*® 

To eliminate hydrostatic pressure, Sugden employed an apparatus 
(Fig. 14) consisting of two capillaries of different diameters immersed in 
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the liquid to the same depth. Thus, only the buoyancy of bubbles has 
to be considered, which increases the excess pressure by 2/Zdr. If n and 
rt are the radii of the capillaries and ptPz the manometrically measured 
bubble pressures, then the surface tension is calculated as 

<r = il[px — p» — 2/3d(ri — ri)], 

the constant A being determined by calibrating the apparatus with a 
liquid of known surface tension. (The capillary radii should not exceed 
1 mm). 

The Curvature Method. This is based on the fact that a liquid 
under no strain tends to form a surface nearly globular in shape, which 
occupies a minimum surface. Thus the surface tension may be calculated 
from the curvature of the surface formed. A meniscus of a liquid of 
known diameter is produced and an object of known size is allowed to 
give its mirror image in the liquid surface. From the size of the object 
and of its image, which is measured by a microscope, and the distance 
between the two, the radius of curvature of the surface is obtained. 

The Method of Vibrating Jets is based on the study of drop-curvature. 
A liquid permitted to flow from an elliptic opening does not form a cylin- 
drical jet, but one with constrictions, indicating a wave curve in the 
cross-section. Rayleigh®** showed that this phenomenon of an oscilla- 
tion about the position of equilibrium is due to surface tension; and he 
applied the general equation for isochronous oscillation: 

d* _ moment of inertia 
JT* directive force ’ 

where 0 is the period of oscillation. The moment of inertia proportional 
to the mass is therefore proportional to the density of the oscillating 
liquid and depends also upon the shape of the opening. The directing 
force is a function of surface tension and increases in proportion to it; 

0* p 

hence; — = A — ; where A is a constant, and p and <r are density and 

IT* <r 

surface tension, respectively. If we consider that 6 = 1/n, and n\ = v 
(n is the frequency ; A, the wave length, and v, the velocity of the falling 
liquid) , then 

«• = 

2 

With a given velocity of efiSux, <r is greater, the greater the density and 
the smaller the wave-length. The final formula deduced by Rayleigh is 
as follows: 

4irV pV* 

' “ V* - r X* 

where r denotes the radius of the circle of equilibrium and is a number 
which depends upon the shape of the opening, being 2 for an elliptical 
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opening, 3 for a triangular one, and so on. It is not easy to determine r 
exactly, and the method is used for relative measurements with the same 
efflux orifice. The wave-length A. is determined by photographing the 
jet and then determining the dista nce between loops or nodes. The 
velocity of efflux v is equal to \/2Qh (Torricelli’s Law). 

The Method of Vibrating Drops, used by Ijenard,‘**^‘‘ is similar to the 
foregoing in many respects. If drops fall from a tube under suitable 
conditions, at the moment of separation from the orifice, they have a 
form which is not strictly spherical but ellipsoidal, because of the action 
of gravity. In falling, they oscillate about their form of equilibrium. 
By photographing a drop at different points of its fall, the period of 
oscillation is determined. The formula for the surface tension is expressed 
as follows: 

8 ^ 


where W is the weight of the drop and B the period of oscillation. 

The Method of Surface Waves (Ripples) serves to determine surface 
tension and involves W. Thomson’s formula: 


1 , . o>^y 

<r = — pn X 

27r 47r* 


Surface waves (ripples) are generated upon a liquid surface in the form 
of waves advancing linearly if a glass plate affixed to one of the prongs 
of an oscillating tuning fork dips 1-2 mm into the liquid. Likewise, 
standing circular waves may be generated upon a liquid if the points of 
the tuning fork dip 1-2 mm into the liquid. The ripples are photographed 
and measured. 

The Method of Adhesion Plates and the Ring Method. These involve 
measuring the force necessary to tear a plate or a metal ring from the 
surface of the liquid tested. Usually a platinum-iridium ring made of 
wire (the size of which depends on the size of the ring; rings having 
radii from 0.4 to 0.8 cm were made from wire with radii between 0.009 
and 0.05 cm) is suspended on an arm rigidly fixed to a fine steel wire 
(0.25 mm in diameter) secured at both ends in torsion heads, each of 
which is driven by a worm-gear arrangement. To separate the plate or 
ring from the liquid, a force proportional to the surface tension must be 
applied. The formulas for determining surface tension by the ring 
method are: 


( 1 ) 


ST = P 



=Fx 


P 


where ST is the surface tension, F the correction factor, and P the maxi- 
mum pull on the ring. 

V /R^ R\ 

7 = %* 7 ) 


( 2 ) 
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where R is the radius of the ring, V the volume of the liquid raised above 
the surface due to a pull on the ring, and r the radius of the wire of the 
ring. • 


( 3 ) 


R^gp 
V ““ 2cP 


where g is the acceleration of gravity, p the density of the liquid, and c 

2vR, 

Correction curves and tables, in which values of R^/V for various 
R/Vy together with the appropriate correction factor F are given, may be 
found in Harkins^ article.®®* 

Any accurate balance may be used for carrying out these measure- 
ments. The torsion balance by Lecomte du Nouy is known as the 
duNouy tensiometer.®® In this mechanism the ring is balanced in the 
air by adjusting the torsion of the wire by means of the back adjust- 
ment and keeping the front torsion head set on zero, when the ring is 
lowered until it touches the surface of the liquid. The clockwise or 
counter-clockwise movement of a vernier moves the ring down when 
water has the lower density of the two liquids investigated; up in the 
opposite case. The force per centimeter is read directly from the vernier 
on the torsion head when the interfacial film is broken by the ring. The 
ring method is distinguished by its simplicity, speed, and accuracy. In 
addition, the rate of change in surface tension with age on a static sur- 
face can be determined by this method, and this is of vital importance 
in the study of surface phenomena. 

The theory of this method is discussed in several works.®®* 
Fahrenwald ®® modified the ring method by replacing the ring with a thin 
metal knife edge, whereby the pull of a film of liquid is measured. 

The Drop- Weight Method is most frequently used for determining 
the relative surface tension. In this method the liquid is allowed to drop 
from a pipette having a polished circular orifice, and either the weight of 
a number of drops or the ^^drop number^' for a given volume flowing out 
is determined. Tate’s law {w = 27rrcr) that the weight of a drop of 
liquid, w, when detached from a tube is proportional to the surface ten- 
sion, o*, and the periphery of the tip of the tube, 2irr, is not in agreement 
with the theory of capillarity. Lohnstein’s many investigations'^®* led 
him to formulate this equation: 

Mg ^ 2nr<rF 


where Mg w] a - yj and d is the density; F denotes an arbitrary 

r 

function. In a table giving the range of values for - usual in experi- 

a 

T 

mental work, F- is constant (about 0.62) . 
a 
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Harkins and Brown considered the fact that the weight of a drop 
is also a function of its shape. The latter depends on the ratio between 
two linear dimensions of the drop, r and I, since a drop does not become 
detached from the exact edge of a tip, but forms a neck a little below 
the edge and then detaches; its weight is less than the ideal weight. By 
substituting the cube root of the volume of the drop for I, the actual 
weight of the falling drop is expressed by the equation: 


Mg = 2irrffF 



and <r = 


Mg 

2irrF{r/V^f^) 


These investigators prepared a table of corrections for the drop-weight 
surface tension method in which F, necessary for the calculation of or, 
may be found. 

Harkins and Freud, studying hanging and detached drops from a 
horizontal circular tip, concluded that the method of Harkins and Brown 
is empirical in regard to relations existing between the size of the drop 



and the known constants of liquid and tip. The speed of formation of 
a drop has been recognized as an important factor. Usually the speed of 
drop formation should not exceed one drop in 8-10 seconds. A speed of 
drop formation greater than this introduces dynamic effects which vitiate 
completely the accuracy of the measurement. The number of drops 
formed at a slow rate of flow from a volume of liquid contained in A 
(Fig. 15), between marks a and b, is determined by means of Traube^s 
stalagmometer. A capillary tube, Ky is inserted before the efflux orifice 
in order that the drops may be formed more slowly. 
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Interfacial-tension Measurements 

The same methods used for surface-tension determinations may be 
employed in measuring the boundary tension between two different 
liquids. If, for instance, the drop-weight method is used, the interfacial 
tension is calculated from the equation: 


7n dx — da 



Fig. 16. 


where di and are the densities of the two liquids. The bubble pres- 
sure method or the tearing off method are also suitable. Air, or a 
suitable inert gas, such as nitrogen, is forced into the capillary tube so 
that bubbles escape at the end of the tube. From this is determined the 
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maximum pressure which can be reached with a slow escape of bubbles. 
If p is the maximum pressure; r, the radius of the capillary, and p the 
density of the liquid, then, according to Schrodinger,^®®* 

r f 2pr IpV] 

a = — p{l * 

2 [ 3p \ 


Fig. 17. 

Glass Parts of Drop- 
weight Apparatus for De- 
terminations at a Liquid/ 
Liquid Interface. 



Harkins and Humphrey constructed two types of apparatus for 
the determination of tension at the liquid/liquid interface. The first 
apparatus, based on the principle of capillary height, measured the 
tension of the ‘^dineric interface*^ by means of a vertical capillary com- 
pletely immersed in a wide container holding water and on the surface of 
which is poured, c.gf., benzene. By means of a ratchet, the capillary tube 



m 


EMULSIONS AND FOAMS 


study of the aging of an interface; and the effects of surface-active 
materials. 

Weiss and Vellinger^22 Vellinger and Delieu^^®* recommended 
the study of interfacial tensions of mineral oils against aqueous solutions 
of various pH as a rapid and convenient method for measuring the 
number of active molecules in the oil. The possibility of classifying 
active molecules according to the interfacial tension/pH curve permits 
controlling changes in the oil which give rise to soluble products, and 
of chemical refining as well. 

Spreading-tension Measurements 

The spreading-tension measurements of insoluble surface films may 
be of interest in connection with emulsification processes. The spreading 
tension appears to be a function of the film surface and is determined 
by Adam’s apparatus (Fig. 19) . This consists of a flat trough filled to 



Fig. 19 . 


its edge with a film-carrying liquid, usually water. A middle part of the 
liquid surface, on which the substance to be investigated is allowed to 
spread, is separated from the liquid surface by two bars. One bar is 
displaced by hand and serves to vary the film surface, while the other bar, 
which is made of either light-weight paper or metal sheeting, is suspended 
on a torsion wire, forming a balance-like arrangement by means of which 
the spreading tension of the film is brought to an equilibrium and 
measured. 

Wetting-tension Measurements 

Usually the wetting is characterized by the wetting heat which can 
be readily measured. However, this heat value is only a sum and an 
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end effect, and as such is not typical of the mechanism of wetting. The 
wetting tension is a tension with which the contact surface between the 
solid body and the liquid tends to increase. This tension may be measured 
by using the principle based on contraction as well as dilatation of a solid 
surface by wetting; however, this applies only to substances such as 
rubber. Another principle for measuring the wetting tension is based on 
the spreading of the liquid on a solid surface by a partial wetting. Thus 
either the contact angle between the boundaries is measured or the wetting 
tension is determined directly from the rising height as well as the 
pressure of the liquid in a capillary. 

The wetting tension may be determined from the rising height of an 
imperfect wetting liquid in a capillary according to the equation: 

= r/i(i/2.98/dyne/cm 

However, the results are not reproducible by the use of this method. 

The method used by Haller®^ for measuring the wetting tension 
involves measuring the velocity of displacement of a meniscus in a 
horizontal capillary at varying pressure. The most important factor is 
the movement of the meniscus. The wetting tension is obtained from the 
following equation: 

2(/ir — K)d 

^ - a 



where d is the density of the liquid, r the radius of the capillary, hv the 
level difference which maintains equilibrium with respect to the wetting 
tension, and hr the level difference at which the liquid reverses its flow. 
In the backward movement of the meniscus, the hysteresis of wetting 
is so strong that the contact angle is almost always 0°. In the equi- 
librium state, the wetting tension p is equal to the coherent compound 
of the surface tension a multiplied by the contact angle 8: 


i9 = a cos 5 
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The velocity of the forward moving meniscus is determined at various 
pressures, and by extrapolation of zero velocity the pressure, as well as 
the level difference (A„), which maintains equilibrium with respect to 
the wetting tension, is determined. 

Capillary-active substances usually form intermediate layers at the 
solid/liquid boundary and strongly influence wetting. Unstable films 
do not change the wetting tension, but decrease the wetting velocity. 
Metastable films decrease the wetting tension. Stable films increase the 
wetting tension. 

The arrangement outlined in Fig. 20 is as follows: 

One end of a horizontal glass capillary is bent at right angles and 
dipped into the liquid to be investigated. The liquid contained in a 
small beaker may be raised and lowered by means of a rack and pinion. 
If the level of the liquid is sufficiently high, its height is increased as the 



recommended as con- 
venient and durable.) 


Fig. 21. Saybolt Universal Viscometer. 

result of a wetting tension inside the capillary, and moves with a definite 
velocity in the horizontal position. The velocity with which the liquid 
moves forward is measured with a mirror scale and a stop-watch. (The 
height of the outside liquid level is varied). For each measurement a 



EXAMINATION OF EMULSIONS 


507 


new, dry capillary is used (the length of each capillary must be about 
the same to facilitate extrapolation). By graphical extrapolation with 
F = 0, the level difference of the liquid is determined for the case when 
the meniscus does not go forward, as well as that at which it starts to 
flow again. From this, the difference between the surface tension and 
the wetting tension is obtained according to the equation: 

(T ~ p = rdl2(hr — d 3 aie/cm 

Viscosity Tests 

How important viscosity tests may be is indicated by the fact that 
the viscosity of a lubricant, or its resistance to flow under anticipated 
conditions, must be such that a lubricating film is maintained and undue 



frictional losses avoided. The viscosity of industrial lubricating oils 
covers a very wide range. The viscosity of an oil is determined at a 
definite temperature; the variation in the viscosity of an oil with tempera- 
ture depends on the character of the oil. 

There are three principal types of industrial viscometers for use in 
testing oils, namely, (1) Redwood, (2) Saybolt-Universal, and (3) 
Engler. For measuring the viscosity of petroleum products in absolute 
Vmits with a degree of accuracy greater than 0.5 per cent, five U-tube 
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viscometers are specified: (1) Ostwald, (2) British Standard Institution 
(Ubbelohde), (3) Vogel-Ossag, (4) Steiner, and (6) Hoppler. 

Redwood, Saybolt-Universal and Engler industrial viscometers are 
of the short efflux tube type, in which the time of outfiow of a definite 
amount of oil is observed. These instruments consist of an oil cup with 
an oil-level gauge fitted with a calibrated orifice at the lower end. The 
oil is maintained at the desired temperature by means of a surrounding 
bath. The time of efflux for a given temperature is measured and the 
kinematic viscosity of the oil, proportional to the efflux timer, is calculated 
from the equation: 



d I 



Fw. 23. 

Redwood No. 1 Vi.s- 
cometer. 


where denotes the kinematic viscosity of the oil in centistokes, ij the 
absolute viscosity of the oil in centipoises, d the density of the oil at the 
same temperature, t time of efflux in seconds, and A and B are constants 
of the individual instrument. The accuracy of Redwood and Saybolt- 
Universal viscometers is one per cent; that of Engler, about 3 per cent. 
The U-tube viscometers are generally of a modified pipette type, con- 
structed of glass, and having long capillary tubes. If the oil flows under 
gravity, the time of flow is proportional to the kinematic viscosity; but 
if it flows under an artificially maintained pressure, it is proportional to 
the absolute viscosity. The U-tube instruments must be calibrated with 
liquids of known viscosity. The volume of liquid required is materially 
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less than that necessary for tests in industrial viscometers (Fiss. 21, 
22,23). 

Measurements of Electrical Properties 
Elektrokinetic Potential 

A colloidal solution as a whole exhibits no external electric charge, 
but its particles migrate to a pole in an electric field. This is brought 
about by the fact that electrically charged particles, when present in an 
electrically conducting dispersion medium,* are surrounded by an 
atmosphere of oppositely charged ions. These are equivalent electrically 
to the adsorbed ions, making the particles .as a whole appear to be 
uncharged. When the particles move, the ionic atmosphere of the 



0 OISTANCC TROM THC PHASE SOUNOARY 



DOUBLE LAYER DOUBLE LAYER 


Fig. 24. 


particle is sheared and the part adhering directly to the particle is 
carried along as a result of molecular attraction, there being a potential 
drop between the particle and the dispersion medium undergoing 
endosmotic flow. 

The boundary layer structure consists in general of two parts, an 
inner, condenser-like double-layer and an outer or diffuse layer. It is 
probable that the sheets of the inner layer are separated by but one 
layer of water molecules possessing a dielectric constant of about 7, the 
diffuse layer extending into the aqueous phase for a certain distance. 
The potential gradient, giving rise to the interface potential, is not 
uniform; in all probability it is steeper over the inner double-layer, 

♦ The phenomena described occur equally well in dispersion media which are not 
electrically conducting (Abramson) (Gortner). 
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falling off more gently across the outer or diffuse layer. However, it 
is possible that a twofold ionic stratification may exist before the outer 
layer is reached, the potential distance curve presenting a point of inflec- 
tion as indicated by (ii) in the diagram (Fig. 24). There exists, in 
addition to the interphase, potential difference V, another potential dif- 
ference of fundamental importance in the theory of the electric pro- 
perties of colloids, namely, the electrokinetic potential Z of Freimdlich. 
Zeta potential is a calculated value based upon certain assumptions for 
the potential difference between the aqueous bulk phase and some 
apparently immobile part of the boundary layer at the interface. 
Thus Z represents a part of F; but no method is available for determining 
how far one must penetrate into the boundary layer before the potential 
rises to the value of the electrokinetic potential Z, whether Z represents 
part of, all of, or more than the diffuse boundary layer.®^* 



The potential difference between the ions adsorbed on the particle and 
the external dispersion medium constitutes the electrokinetic potential, 
while the total potential drop from the true particle limit to the inter- 
nal part of the dispersion medium corresponds to the thermodynamic 
potential. While Z potential depends on adsorbed ions, their influence 
on the change in € potential is insignificant; the concentration of hydrogen 
ions affects the latter to a great extent. The influence of the nature of 
electrolytes is significant only when it changes the concentration of the 
hydrogen ions in one direction or another. The thermodynamic or con- 
tact potential (Nernst) may be measured by means of a glass electrode 
proposed by Haber and Klemensiewicz which, as shown in Fig. 25, 
consists of a very thin walled glass bulb (0.06-0.1 mm) containing an 
electrolyte (potassium chloride solution) in which an electrode connected 
with a galvanometer is immersed. This electrode is dipped into the solu- 
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tion contained in a beaker, into which is also immersed the normal 
electrode usually earthed. Depending upon the nature and concentra- 
tion of the electrolyte in the beaker, for the same liquid contained in 
the glass electrode, the potential difference between the glass electrode and 
the electrode in the beaker changes with the concentration of the hydrogen 
and hydroxyl ions of the solution in the beaker. 

In order to characterize a liquid as acid, neutral, or alkaline, it is 
sufficient to give its hydrogen ion concentration or its hydroxyl ion con- 
centration, as the case may be. The dissociation equation of water is: 

[H] . [OH'] = or h . oh = -fir* 

Usually, the results of measurements obtained are related directly to h 

and, instead of designating it as the hydrogen ion concentration, it is 

referred to as “hydrogen number.” Sorensen introduced the symbol 
pH, which is (~ log h). The following characterizations for neutral, 
acid, and alkaline reactions are recognized: 

neutral: h = 10“'^ 

acid: A = > 10"^ 

alkaline: h — < 10 

For example, in converting h into pH, 

h = 10-^ 
log = — 7, or 
— log ft = 7 

then 

ft = 2.00.10-^ 
log ft = 0.301-^ 
pH = 6.699 

Table 1 lists the hydrogen ion concentration and its equivalent “hydrogen 
number” of hydrochloric acid and sodium hydroxide solutions. 

Table 1 
(Sorensen) 



Solution 

h 

pH 


N Hydrochloric acid 

0.80 

0.10 

0.1 

N Hydrochloric acid 

0.084 

1.076 

0.01 

N Hydrochloric acid 

0.0095 

2.022 

0.001 

N Hydrochloric acid 

9.7.10-* 

3.013 

0.0001 N Hydrochloric acid 

9.8.10-* 

4.009 


N Sodium hydroxide 

9.0.10-“ 

14.05 

0.1 

N Sodium hydroxide 

8.6.10-“ 

13.07 

0.01 

N Sodium hydroxide 

7.6.10-“ 

12.12 

0.001 

N Sodium hydroxide 

7.4.10-" 

11.13 


In general, at the boundary of two phases a potential difference exists 
which is based on the peculiar distribution of dissolved electrolytes 
between phases. It is assumed that each type of ion has its own char- 
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acteristic distribution coefficient. Thus the coefficients for the positive 
and negative ion of an electrolyte are not equal. Therefore it follows 
that the law of distribution does not hold true for the total electrolyte, 
if it is applicable to its individual ions; and, secondly, that at the 
boundary a potential difference exists, which stands in a relationship 
with the electrolytic solution pressures of the single ion type in single 
phases, thermodynamically calculable. Potential differences may be 
calculated from the concentration of an ion type common to both phases; 




^ Insulating Sleeve 


Lead Wire 

“Thermoplastic 
“Hermetic Seal 



Stem Glass 
Hermetic Seal 
Ag AgCl 
Chloride Buffer 
pH Glass 


Fia. 26. Hellige Glass Electrode. Fig. 27. Coleman Sealed Glass 

Electrode. 

and the electromotive force of the chain formed at one of two boundaries 
may vary from zero to a definite maximum value, depending on condi- 
tions. This value is equal to an ordinary Nernst concentration chain with 
metal electrodes. 

The hydrogen electrode, the quinhydrone electrode, and the antimony 
electrode are systems which indicate hydrogen ion concentration. The 
Hellige pH meter, manufactured by Hellige, Inc. of Long Island City, 
New York, is an instrument suitable for the determination of hydrogen 
ion concentration with all types of electrode systems. It consists essen- 
tially of a direct-reading pH potentiometer, combined with a vacuum- 
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tube galvanometer as the zero indicator, and measures with ease the glass 
electrode potential as well as those of other electrodes. Figures 26 and 27 
illustrate the two commercially available glass electrodes for measuring 
pH. 

One of the most widely used glass electrodes is the Beckman pH 
meter manufactured by the National Technical Laboratories, Pasadena, 
California. 

Streaming Potential 

To determine the electrokinetic ( potential, Freundlich and Rona^** 
devised the streaming potential apparatus (Fig. 28) by means of which 
the potential generated by flowing a liquid through a capillary, called 
“streaming potential,” is measured. The liquid is forced to flow under 



Fio. 28. Freundlich’s Apparatus for Measuring Streaming Potential. 


pressure from one glass bulb into the other through capillary, K, placed 
between two electrodes, E and Ei, and the potential between them is 
measured. The electrokinetic potential is calculated according to 
Helmholtz’s equation: 

PW 
S= 

Aviil 

where S is the streaming potential, P the pressure under which the liquid 
flows, I the distance between the electrodes, ij the viscosity of the medium, 
D the dielectric constant, and C the potential of the double-layer. 
Depending on the conception of the double-layer, the electric double-layer 
located in the interface may be either immobile (Fig. 29a), or diffuse 
(Fig. 29b) ; a selective adsorption of an ion, as well as of colloidal ions 
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(Fig. 29c) , may also take place. If the polar parts do not dissociate, i.e., 
if polar molecules or dipoles are present, then they accumulate at the 
boundaries and are oriented (Langmuir, Harkins) and the double-layer 
is immobile. 



Fio. 29. Structiiro of the Electric Double Layer 

A. Helmholtz, Smoluchowski 

B. Lamb 

C. Wo. Pauli 


The theory of the diffuse double-layer given by Stern has been 
discussed by Urban and White.^^®' Stern^s conception of a variable 
charge governed by adsorption has been found to be sound, and his equa- 
tion describes the structure of an electric double-layer as being due to 
ionic adsorption at the phase boundaries; it represents a combination 
of the Helmholtz and Gouy double-layer concepts. Stern^s equation is 
as follows: 





where e is charge of electron; Kq, capacity of Helmholtz condenser; 

potential drop across Stern’s double-layer; ^i, potential drop across 
diffuse double-layer (Gouy) (approximately equal to C potential) ; 
Tfo, excess negative charges on solid surface; F, 96,500 coulombs; Z, max- 
imum number of mols of ions which can be accommodated in a unimolec- 
ular layer of 1 cm^ (maximum number of ions = Z) ; molar energy 
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of adsorption of anions; molar energy of adsorption of cations; 
By concentration of salt in mols per cm^; rji, excess positive charges in the 
Helmholtz layer; tjoj excess positive charges in diffuse layer; X), dielectric 
constant; Bay mobility of anion; Cc, mobility of cation, and lyo, number of 
anions in the inner Helmholtz layer, if the cations can be overlooked. 

The presence of free charges or separable double-layers in the inter- 
face first introduces the possibility of producing a mechanical displace- 
ment by tangentially acting electric fields and, in the second place, 
reveals potential differences by mechanical displacement along the 
boundaries. The most extensively studied cases are those relating to 
liquid dispersion media containing solid dispersed particles, whereby 
the electric field causes either the dispersed part (electrophoresis) or the 
dispersion medium (electro-osmosis) to migrate. Thus cataphoretic 
streams are distinguished from streams caused by the migration of the 
dispersion medium when the dispersed part migrates. 

Migration Velocity 

The migration of the dispersed component of a colloidal system in 
an electric field is proportional to its strength, and the direction of the 
migration is toward either the anode or the cathode. If U is the migra- 
tion velocity of a single particle under the influence of the strength of 
the electric field, H] 17, the viscosity; c, the dielectric constant of the 
medium, and C the electrokinetic potential corresponding to the condenser 
formed by the douye-layer, then the equation is expressed as follows: 




K 


V 


where jc is a numerical factor which for cylindrical particles has a value 
of J TTy while for spherical particles it is ^ tt (Debye and Hiickel ^®) . 

Bull compared the electrophoretic, electro-osmotic, and streaming 
potential methods of measuring the electrokinetic potential, using the 
same solution and a protein-coated surface. However, poor correspond- 
ence was found between electrophoresis and streaming potential for 
quartz and cellulose surfaces. Bull obtained the ratio between the zeta 
potential determined by streaming potential and electrophoresis, by 
using the following formulas: 

AwkHrj 

— (btreuming potential) 

DP 


and 


iirrfV 


(electrophoresis) 


where k is the conductivity in reciprocal ohms, H the streaming potential, 
1; the coefficient of viscosity, P the pressure forcing the liquid through 
the capillaries, X the potential gradient across the electrophoretic cell, 
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D the dielectric constant, and V the velocity of the particles, 
equation 1 by equation 2 , 

r. kH X 
P ^ V 


Dividing 


and introducing the proper constants to convert ordinary units into 
electrostatic units, the following equation used in calculating the desired 
values was obtained: 


f. Hk X 

— = 7.57 X W — - 
i*. P V 


Migration velocity may be measured by means of the Michaelis^ 
apparatus or other cells shown in Fig. 30. For quantitative measure- 
ments it is important to use non-polarized electrodes, and an arrangement 
provided with glass stop-cocks in order that the boundary layer, the 
migration of which is observed, may be clean. 



Fia. 30. 

Michaelis^ Cataphorc- 
sis Apparatus. 


The ratio of the quantity of electricity transported by the cation and 
anion depends only on the ratio of their velocities (mobilities). If Ci 
is the quantity of electricity transported by the anion; 62 , the quantity 
of electricity transported by the cation, and e the total amount of elec- 
tricity, then we obtain two equations: 


( 1 ) 

and 

( 2 ) 


€1 + es = e 
ex_V_ 


where V and U are the corresponding mobilities of the anion and cation. 
From this it follows that: 

ei Cl V 

Cl + ea e U •¥ V 


( 1 ) 


and 

( 2 ) 
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eg e% U 
Cl + eg e U + V 


Hittorf, who published the first experiments (1856) on the migra- 
V 

tion of ions, called = N the migration number of the anion, and 


U 


u + v 


Ij ' j^" v ~ migration number of the cation. The total quantity 


of electricity passed through the electrolyte during the experiment is 
estimated by means of a titration voltameter consisting of a tube provided 
with a glass stop-cock at the end; through the cork at the top is passed 



Fig. 30a. Five Types of Cells Used in Studying the Charge on Dispersed 
Droplets in Oil-field Emulsions. (Abozeid) 


a copper wire in a narrow glass tube carrying a silver wire bent upward, 
which serves as an anode. The cathode is a platinum plate. The tube is 
filled three-quarters full with a 20-per cent sodium nitrate solution, upon 
which is carefully poured (to prevent mixing together) dilute nitric acid 
(1 part nitric acid, sp gr 1.38 per 10 parts water). When the current 
is passed, the silver anode dissolves. After completion of the experiment, 
the liquid is poured from the titrating voltameter into an Erlenmeyer 
flask and the silver nitrate formed is titrated by means of l/fiOiV solution 
of ammonium thiocyanate. The number of cc used for titration is pro- 
portional to the amount of dissolved silver, or to the quantity of electricity 
passed through the solution during the experiment. 

A copper voltameter, the electrodes of which are made of copper 
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and filled with a copper sulfate solution acidified with sulfuric acid, 
may be substituted for a titration voltameter. Ettel recommended the 
use of a solution composed of 150 g of copper sulfate, 500 g of con- 
centrated sulfuric acid, 50 g of alcohol, and 1000 g of water. To prevent 
oxidation of the separated copper, a stream of hydrogen is passed through 
the solution. 

The cell in which the migration of ions is determined has as its anode 
a silver wire and as its cathode a copper wire. One arm of the U-tube is 
filled with a concentrated solution of cupric chloride (3-4 cm) , upon which 
is carefully poured a l/20iV silver nitrate solution (containing 2.125 g 
of silver nitrate per 250 cm^ of the solution). The same solution fills 
the other arm of the U-tube, as well as the tube connecting the two arms. 
To increase resistance, a water rheostat is inserted into the circuit. 
The equipment for the determination of the migration of ions is illustrated 
in Fig. 31. 



Example: Duration of the experiment, 2 hours; current used, 10 mA; titre of 
the ammonium thiocyanate solution, 12.17 cc, 1/20N silver nitrate corresponding 
to 40.9 cc of ammonium thiocyanate. 

Voltameter: Titration of the liquid indicates 64.0 cc of ammonium thiocyanate. 
This is proportional to the total quantity of electricity passed through e. 

The migration apparatus: 26.01 cc of the anodic liquid is required to titrate 
123.7 cc of ammonium thiocyanate. Before the experiment, the anodic solution 
contained 1/20N solution of silver nitrate. From this may be calculated how many 
cc of ammonium thiocyanate solution correspond to 26.01 cc of the anodic liquid 
before the experiment. 

40.9 X 26.01 

X = = 87.44 cc NHiCNS 

12.17 

Actually 123.7 cc ammonium thiocyanate were used. Therefore the increase in the 
concentration of the anodic liquid is 123.7 — 87.44 = 3626 cc of ammonium thio- 
cyanate. At the anode in the migration apparatus as much silver was dissolved as 
at the anode of the voltameter. Thus the same increase in the concentration of 
silver nitrate, t.e., 64.0 cc, should be expected. The difference, 64.0 — 36.26 = 27.74 
cc of ammonium thiocyanate, corresponds to the number of ions of silver carried 
away by the current, and this number is proportional to the quantity of electricity, 
et transported by the cation. From this it may be deduced that 27.74 cc of ammo- 
nium thiocyanate is proportional to the amount of electricity, c*, while 64.0 cc of 
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ammoniuni thiocyanate is proportional to the total amount of electricity used in 
tlie experiment, or e. 

62 27.74 

— = = 0.433 (the migration number of silver) 

e 64.0 

V 

(The migration number of the anion NOs = = n = 1 — 0.433 = 0.567). 

U+V 

Conductivity Measurements 

The electrical conductivity of oils is relatively small; it shows an 
increase with temperature and plays a special part in testing cable 
insulating oils. The conductivity test is carried out by means of a 
cylindrical condenser inserted in a Wheatstone bridge. The outer 
cylinder containing the insulating liquid to be tested is attached to a 
source of high voltage and the angle <r, by which the phase angle of 
the condenser subjected to a loss deviates from 90°, is measured. The 
angle of loss, rr, or tq^j is then a measure of the electrical property of 
the insulating liquid.^®® 

Dielectric Strength Measurements 

The question of how to determine the presence of water in oil is 
important, especially in certain oils. The important factor in trans- 
former oil is its freedom from water. The water content of transformer 
oil is determined by measuring its dielectric strength. Descriptions of 
commercially available tests for transformer oils are given in Westing- 
house and General Electric bulletins. 

Schroter found that impurities present in oil formed bridges between 
electrodes, causing breakdown when voltage is applied, all the particles 
with dielectric constants higher than the oil moving into the field. The 
high dielectric constant of the filament path through the oil has been 
found to be a function of its water content. With increasing water con- 


Table 2. 
(Stark ^“) 


Water in Oil 

Break -down Voltage 

(Volume %) 

(KV) 

0.005 

31 

0.01 

22 

0.02 

16 

0.03 

14 

0.04 

13 

0.05 

12.5 

0.10 

10 


tent the strength of the oil decreases, at first rapidly and then more 
slowly, tending to reach a limit at about 20 kv/cm. As the principal 
insulating material is oil used in high-voltage transformers and switches, 
it is important that it be cleaned carefully and dehydrated. The con- 
tent of water in a transformer oil as shown by Schroter^s observations, 
may be determined by measuring the dielectric constant.^®^ If water is 
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present in transformer or switch oils, a loss occurs in dielectric strength, 
which is an important factor in an insulating medium. The following 
figures give an estimate of the extent to which water reduces the dielectric 
strength of a mineral transformer oil. 

These tests were carried out on a disc electrode machine (diameter of 
disc, 0.5 in; distance between discs, 0.2 in). Brass disc electrodes one 
inch in diameter with fiat parallel faces spaced 0.1 in apart are used in 
standard tests. 

The dielectric constants of petroleum products vary from 1.8 to 2.6, 
as indicated in Table 3. The dielectric constant of air is 'only 0.0006 
greater than the value for vacuum. 


Table 3. Dielectric Constants of Petroleum Products 


Product 
Gasoline 
Kerosene 
Transformer oil 
Lubricating oil 
Vaseline 
Paraffin liquids 
Crude oils (Roberts) 


Dielectric Constant 

1.85-2.0 
2.0 -22 

2.1 -2.3 
2.1 - 2.6 

2.05- 2.3 

2.05- 2.1 

2.2 -3.6 


The dielectric constant e of a material is defined as the ratio of the 
capacity of a condenser with a substance between the condenser plates, 
(7, to that of an empty condenser under vacuum, Co or c = C/Co. There- 
fore, in order to measure the dielectric constant, it is necessary to cam- 
pare the capacity of suitable condensers (or measuring cells for liquids), 
both filled and empty, with that of a standard condenser, using an appro- 
priate measuring circuit. Alternating-current bridges for frequencies up 
to 50,000 cycles, as well as resonance circuits or heterodyne beat methods 
for the higher radio frequencies may be used as measuring circuits. 
Measuring cells for liquids consist of a cup-shaped electrode surrounding 
another electrode, and may be either concentric cylinders or parallel 
plates. To eliminate edge effects and stray capacities, a third (‘‘guard^^) 
electrode is often used. Dielectric constant data give a measure of the 
amount of undesirable materials in petroleum products and indicate the 
oxidation of petroleum products. According to Debye^s theory, materials 
composed of non-polar molecules have dielectric constants essentially 
equal to the squares of the refractive indices (the optical dielectric con- 
stants), whereas materials containing polar molecules have dielectric 
constants which are greater than the squares of the refractive indices. 
Highly refined petroleum products are made up almost entirely of satu- 
rated hydrocarbons, which are non-polar materials. The unsaturated 
hydrocarbons are usually weakly polar, while resins, asphalts and all 
oxidized hydrocarbons are polar. Thus crude oils and semi-refined and 
deteriorated petroleum products, being mixtures of weakly polar and 
non-polar substances, have dielectric constants approximating the order 
of polar materials. The refining of petroleum makes the dielectric con- 
stant nearly that of non-polar materials. 
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Since the dielectric constant of oils almost always decreases with 
increase in temperature, some form of temperature Control in measuring 
dielectric constants should be provided. 

When mineral oils are heated while exposed to air, oxidized com- 
pounds, such as peroxides, alcohols, acids, and esters, are formed. 
These are polar in nature, and the formation of polar molecules causes 
an increase in the dielectric constant of the oils, which increases with 
time of ageing. Stoops used the increase in the dielectric constant as 
a measure for the oxidation of oils. In addition, it has been found in 
the case of oxidation of oil that the formation of polar compounds not 
only caused an increase in the dielectric constant, but also increased the 
spreading of oil films on water. A partial ionic dissociation of polar 
compounds causes an increase in electrical conductivity. Thus measure- 
ment of changes in various electrical properties of oils in general, as well 
as in emulsified oils, is important because the data obtained may be used 
in judging their suitability for certain purposes. 

Measurements of changes in the electrical properties of oils with 
artificial ageing have been used in studying the stability of transformer 
oils and oils for use in high-voltage cables. 

Paraffined and oil-impregnated paper condensers, and insulated oil- 
impregnated paper cables are types of electrical equipment in which 
dielectric constants of petroleum products used are of importance. The 
dielectric constants of the hydrocarbon-cellulose combination are about 

4 109 

In oil-impregnated paper cables, from the power-consumption stand- 
point, it is desirable that the dielectric constant be as low as possible; 
but from the standpoint of stability of the insulation under high voltage, 
it is desirable to have a higher dielectric constant for the impregnating 
material. In the case of paper-insulated cables, impregnating materials 
of higher dielectric constant are preferred.®'^® 

Tensile Strength Test 

Oil in general, and pure linseed oil in particular, is the best liquid 
binder known for cores. Because of the prohibitive cost of pure linseed 
oil, it is often replaced in part (10-15 per cent) by a neutral mineral oil. 
Neutral mineral oil has practically no binding power, while drying oils 
are essential as binding agents in a core-oil blend. Fish and whale oils 
are good binders, but give off disagreeable odors. 

The finding of an efficient and economical oil as a core binder is 
important in foundry practice; it also aids in determining the strength 
of cores. Cores are shaped in molds, usually of wood construction, one 
inch wide and 15 inches long with a H-inch clearance at either end for 
support. (When using an oil of low binding power, the length of the bar 
should not exceed 6 inches). A method of determining the strength of 
a core is as follows: A bucket supported on a wire is hung from a core 
and shot is poured into it until the core breaks. From this the weight 
required to break the core is determined. However, this method is crude 
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at best and is not sufficiently sensitive for cores with low “breaks”; there- 
fore resistance to rupture or tensile strength is determined. Usually, it 
is necessary to determine the relative strength of two cores in order to 
compare the value of two core binders. 

Emulsification and Demulsification 

Obviously, devising a satisfactory test method for the determination 
of the quality of an oil with regard to its freedom from emulsion-form- 
ing tendencies is of great importance. Various attempts have “been made 
in this direction, but little success has been achieved. The U. S. Bureau 
of Standards has worked out a test that shows the rate at which equal 
quantities of oil and water will separate when mixed together under 
certain conditions, and the term “demulsibility” has been proposed for 
the property so indicated. But the rate at which two oils may separate 
from water is not an indication of the completeness of the separation. 
An oil separating rapidly from water may leave a thick layer of emul- 
sion between the water and oil at the end of the test. Another oil, 
separating more slowly, may leave no such layer of emulsified oil. 

Demulsibility is defined by Herschel as the maximum rate of settling 
out of an oil from a prepared emulsion expressed in cubic centimeters per 
hour, and is determined as follows: 20 cc of oil and 40 cc of distilled 
water are placed in a 100-cc flask (inside diameter, 26 mm), heated on 
a water bath to 55°, and the mixture stirred with a metal paddle inch 
wide and 3^ inches long for 5 minutes at a speed of 1500 r.p.m. The 
average rate of settling between the time stirring has ceased and observa- 
tions are made is calculated from the readings of the amount of oil settled 
out from the emulsion.* 

Demulsibility is also a measure of the resistance of an oil to emul- 
sificatiion; therefore demulsibility has been taken as the number of cubic 
centimeters of oil which have settled out in an hour. 

Oils which show no signs of settling out at the end of one hour are 
said to have zero demulsibility. For this test the Herschel emulsifier 
designed by C. W. Stratford for the Tidewater Oil Company and the 
emulsion testing machine in use at the United States Naval Experimental 
Station at Annapolis, Maryland, have been recommended. 

Lederer,®® from his work on demulsification, developed the following 
formula: 

dV 

dt 

where t denotes time, V the volume separated from the emulsion, and 
K the velocity constant. He also applied the half-time value of demul- 
sification deduced from this formula to characterize demulsification pro- 
cesses and the action of emulsifiers. The constant for the “lower” 

*Test method outlined by the Committee on Standardization of Petroleum 
Specifications, April, 1920. 
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demulsification limit (separation of water) is about twice as great as that 
of the ^^upper^’ demulsification limit (separation of oil), although con- 
siderable deviations exist for this rule. 

On the other hand, a method of measuring the ability of oils to 
emulsify with water should be of great importance in determining the 
character of an oil. Pick proposed a method for measuring the emul- 
sifying tendency of fats. A commercial alternating current of 120 volts 
is conducted through a 50-candlepower electric lamp to copper electrodes 
placed parallel to each other and plunged into the emulsion. The time 
noted is from the instant of immersion of the electrodes until the light 
begins to glow, and is the measure of the stability of the emulsion. Pick 
measured various fat-water emulsions, such as lecithin mixtures and 
whale and margarine oil of especially good ernulsifiability. For more 
stable emulsions, 200 volts serve to better advantage. 

The shape and size of the electrode and the disposition and length 
of the gap should be considered, because it is voltage gradient and con- 
figuration of the electric field, rather than applied voltage, which are 
important. In connection with this test method, it may be pointed out 
that it is by no means infallible, since it depends not only on the emul- 
sifying ability of the oil, but also on its susceptibility to electrical 
dehydration. 

The American Society for Testing Materials developed a standard 
method (D157-27T) for determining the ernulsifiability of lubricating 
oils,* In practice a simple test is used to determine whether the oil 
emulsifies readily or not. It consists in filling a four-ounce bottle with 
equal parts of water and oil; it is shaken vigorously for one minute 
and then allowed to settle. In this way the rate and degree of separation 
are determined. The temperature of the water and oil must be the same 
in comparable experiments. 

Herschel®® describes a test of emulsification according to which the 
oil to be tested is placed with double its volume of water in a graduated 
glass cylinder. A fiat metal paddle carried on a vertical shaft is elec- 
trically rotated; the speed is indicated by a tachometer attached to che 
upper end of the shaft, and the rate of speed obtained by means of a 
rheostat. The relation between speed of agitation (revolutions per 
minute) and stability (in terms of the number of cubic centimeters of 
clear oil rising to the top of the emulsion per hour) is recorded. In 
Conradson^s test method, steam is introduced into a calibrated beaker 
containing 200 cc of water and 100 cc of oil for 15 minutes and kept for 
one hour in water at 130® F. The amount of clear or turbid oil over the 
emulsion indicates the ernulsifiability of the oil. 

Morris®® described an apparatus used to determine whether or not 
emulsification may occur within the oil sand. A pipe chamber 6 inches 
in diameter and one foot long is tightly rammed with sand ranging in 
grain size from 30 to 40 mesh and having a porosity of about 34 per cent. 

* New and Revised Tag Manual for Inspectors of Petroleum, pp. 108-111. 
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The crude petroleum and water are forced under controlled pressure 
through the sand column, the outlet from the sand container being 
through a slotted metal plate. The oil examined was 21.8 B4 San 
Joaquin Valley California crude, with a viscosity of 933 seconds Saybolt 
at 68° F. The oil was saturated with dissolved gas at the pressure used 
in forcing it through the sand. Flow velocities were measured, and ranged 
from 0.0087 to 0.0495 cc per second under 30 to 62 pounds pressure. 

Fename®* describes specific tests for asphalt emulsions: (1) Wash 
test to show the cementing time: 1000 g of gravel dried afr 105° are 
dipped for 2 minutes into an emulsion and allowed to drain for 30 minutes. 
The gravel is then washed with distilled water and dried. The treated 
and untreated gravel samples are compared. The test is designed to 
show the degree of demulsibility of asphalt emulsions on gravel. Emul- 
sions which break quickly give 80 to 100 per cent and those slowly 
separating 2 to 40 per cent of asphalt residue. (2) A demulsification 
test: 100 g of the emulsion are mixed for 2 minutes with 35 cc of 0.02iV 



Fra. 32. 


calcium chloride solution and the separated asphalt is weighed after 
washing and drying. (3) A test for determining settling or stratifica- 
tion: Two average samples of about 50 cc are pipetted from the surface 
of the emulsion, 400 cc from the middle, and 50 cc from the bottom, 
and the amount of residue after distillation is determined. The ‘difference 
between the asphalt content of the surface and at the bottom must not be 
higher than 6 per cent. 
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The demulsification apparatus in Fig. 32 is used in the modified 
Conradson steam-blowing test devised to determine the rapidity of 
separation of an emulsion of oil and’ water. A steam generator is arranged 
to blow dry steam through a sample of the oil contained in a graduated 
tube surrounded by a water bath at 70° F. Steam is passed so that the 
oil is maintained at 190° F, or until its volume increased from 20 to 40 
ml. The tube is then transferred to a separating bath at 200° F and 
the time of separation of 20 ml of oil is observed (to a maximum of 20 
min) . The time required is the steam emulsion number in seconds ASTM, 
and the demulsification number in minutes IPT. For steam-turbine 
lubricating oils the demulsification test is the most important specifica- 
tion next to viscosity. 

Investigation of the Emulsifier 

As a rule, so-called emulsifying agents are present in all kinds of 
emulsions having an appreciable degree of stability. Therefore, it is 
necessary to determine the nature and function of the emulsifiers as 
active agents in the formation of emulsions in crude petroleum. In this 
connection, the importance of studying naphthenic acids or their soaps 
as emulsifiers has been recognized. One series of hypotheses assumes that 
naphthenic acids are formed simultaneously with the hydrocarbons of 
the crude oil and that the unsaturated acids are formed from fats. If this 
organic genesis theory holds true, saturated fatty acids should accompany 
naphthenic acids in petroleum (Engler). Another series of hypotheses 
considers naphthenic acids as secondary conversion products of hydro- 
carbons. Air oxidation of petroleum leads to the formation of small 
amounts of naphthenic acids (Mendeleef, Hahn,^® Cloez^i). 

Braun states that naphthenic acids contained in almost all kinds of 
petroleum have the constitution described by the formula CnH 2 n- 202 , 
or CnH 2 nCOOH, and are considered to be derivatives of cyclohexane 
or probably cyclopentamethylene having an open alkyl side chain on 
the ring and a carboxyl group in the molecule. The position of the 
carboxyl group is assumed to be in the polymethylene ring itself. Braun 
worked out a method to determine whether the CH 2 CH group or 
= C may be found near the carboxyl group in the acid. The method 
consisted in allowing phosphorus pentachloride to act upon a monoalkyl 
amide of carboxy-acids (R.CONHR') in order to decide whether in its 

acid the group — CH 2 > CH or^ C is present in the neighborhood of 

the carboxyl group. When this method was applied to naphthenic acids 

of various origins and molecular weights, the surprising result obtained 

I I 

indicated that in them the grouping CH 2 CO 2 H is predominant, i.e., that 
the seat of the carboxyl group was not the polymethylene nucleus, but 
rather that it was bound to the alkyl side chain. This fact led to an 
investigation of the disintegration of naphthenic acids, similar to that 
for paraffinic carboxy-acids, and gave an insight into their structure. 
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Braun investigated a naphthenic acid of the formula C10H18O2 or 
CsHitCOOH, an intermediate molecular size present in Roumanian petro- 
leum. He transformed it to the amide, C9H1TCONH2, decomposed it 
to an amine, C8H1TNH2, split off a benzoyl compound with phosphorus 
bromide to form benzonitrile and the bromide, CsHirBr, and finaliy 
obtained an alcohol, C»Hi70H, by hydrolysis. However, because the 
properties of the various naphthenic acids in petroleum are so widely dif- 
ferent, the question of their structure is still open. 

The fact that petroleum treated with sulfuric acid is not essentially 
richer in low-boiling hydrocarbons as compared with crude petroleum 
is explained by Zaloziecki as due to the formation of dark-colored 
oxidation products and of water, which dilutes the acid and precipitates 
from it some of the dark, oil-soluble products of the refining process. 
The relation of the color of the product to oxidation during acid treatment 
was confirmed by Condrea, who found that mechanical stirring during 
treatment gave a light-colored product and that air and oxygen agita- 
tion yielded successively darker oils. 

Zaloziecki . noted the formation of fatty acids of low molecular 
weight by the oxidation of mineral oils. This tendency to form low 
molecular acids, together with the formation of complex substances 
which are probably lactones or anhydrides, has hindered the technical 
production of organic acids by the oxidation of petroleum oils. The 
most serious difficulty lies in the lack of chemical homogeneity of the 
oils used as starting materials.^^* 

Of greatest importance in the oxidation of naphthenes to naphthenic 
acids, as studied by Charitschkoff,^*"* are the oxidation of side chains 
to carboxyl groups and the polymerization by oxidation as expressed 
in reactions ( 1 ) and ( 2 ) 

(1) RCH3-^R.C00H 

(oxidation of side chains to carboxyl groups) 

(2) RCHa + CH3R-^RCH2 - CHjR 
(polymerizing oxidation) 

Formation of fatty acids from paraffin wax involves chiefly the oxida- 
tion of side chains, as in : RCH2 — CH2R — ^ RCH = CHR, and the 
breaking of chains at double bonds already formed by oxidation as in: 

RCH = CHR- 2 .i.R.COOH -I- R.COOH. 

The oxidation of residue to asphalt involves, in all probability, 
polymerizing oxidation, unsaturating oxidation, and ring-closure oxida- 
tion, together with oxidation of side chains, followed by dehydration and 
degradation of the carboxyl compounds formed. 

Charitschkoff supported the idea that lubricants arc saturated 
cyclic hydrocarbons resembling naphthenes and polynaphthenes. 
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By determining the physical properties of carefully separated fractions 
of petroleum oils, it is sometimes possible to calculate the percentage 
of paraffins and naphthenes, if the corresponding properties of the 
paraffin and naphthene hydrocarbons are known. Markownikow 
and Engler-Hofer therefore applied specific gravity, refractive index, 

— 1 

and the specific refractivity of Lorentz and Lorenz, — ; — , for inter- 

{N^ + 2)d 


polation. Most of the work on naphthenes has been confined to the 
monocyclic hydrocarbons. It is quite probable that compounds built up 
of two or more rings, which may or may not carry side chains, are present 
in the higher-boiling petroleum fractions, even in paraffin wax. Such 
compounds would be saturated, but of the composition CnH 2 n- 2 , 
CnH2n-4, et al.y depending on whether two or more cycles are present; 
the rings may be joined by one, two, or more common carbon atoms, as 
in the case of aromatic compounds. 


Charitschkoff studied the production of naphthenic acids by 
oxidation of naphthenes. A considerable amount of polynaphthenic acids 
is produced in this way. 

Naphthenic acids possess distinct acid properties, forming stable 
salts with many metal oxides. On the other hand, the same acids have 
the properties of anhydrides and alcohols. For example, they give the 
RosenthaFs reaction^® with hydrochloric acid and vanillin; the chlor- 
anhydrides obtained show certain specific properties, such as difficult 
decomposition by water and alkali, and after decomposition present the 
appearance of compounds of unknown composition, in addition to the 
acids. These compounds have an aromatic odor similar to simple ethers. 
Zalozetsky assumed that the ability to replace the hydroxyl group with 
iodine by the action of halides in the presence of phosphorus proves 
the alcoholic properties of naphthenic acids. 

Hell and Midinger (1874), and also Brune,^“^ considered naphthenic 
acids to be lacto-alcohols. Zalozetsky and Brune proposed two 
formulas for decanaphthenic acid: 


CII 

CH 




Cll 




yCH.UO 


( 1 ) 


ciLcn — CH — cn ~ CH2 
Jill 

CH, CH, 0 CH, 


CH, 


CHOH 


( 2 ) 


Both formulas explain the Rosenthal’s reaction, but do not explain the 
acid function of the alcohol group. 

When naphthenic acids are treated with sodium hydroxide in the 
presence of a neutral oil, not only the acids, but the neutral oils partially 
emulsify and partially go into solution. The emulsified portion usually 



528 


EMULSIONS AND FOAMS 


decreases with an increase in the concentration of the alkali, as stated 
by Gurwitsch,^® in the case of gas oils. The amount dissolved increases 
when the alkali concentration reaches 2 to 2.5 per cent. Naphthenic 
soaps, acting as emulsifiers, may be decomposed by means of sulfur 
dioxide so that a part of the soap is removed, together with the pre- 
cipitated acids, and hydrolysis is avoided. The sodium acid sulfite or 
the sodium sulfite is regenerated by means of caustic lime. When 
naphthenic acids are treated with sulfur dioxide, the emulsion separates 
into layers, and the resinous substances accumulate in the acid layer. 
Usually a large excess of sulfur dioxide is necessary, or separation of 
the naphthenic acids will be incomplete (about 40 per cent of naphthenic 
acids remain undecomposed) . 

Rakusin®® describes a method by which he determined the content 
of naphthenic acids in petroleum. He used a petroleum emulsion from 
Grozny which was acidified and shaken with ether. The residue was a 
slightly colored oil, insoluble in water, but which dissolved in an aqueous 
caustic soda solution with liberation of carbon dioxide. A thick, colorless, 
non-crystallizing oil was obtained. After evaporation on a water bath 
and treatment of the remaining soap with 95-per cent alcohol, the naph- 
thenic acid was precipitated. The content of naphthenic acid, for that 
particular Grozny petroleum, was found to be i.382ft g per liter. Of 
course, different soaps behave differently. The barium salt is a white 
voluminous precipitate, soluble in boiling water; the lead salt, a white 
precipitate, soluble in hot water; the copper salt, a green precipitate; 
and the silver salt, a white, cheeselike precipitate, partially soluble 
in boiling water. 

According to Kolbe,®*^ sodium naphthenates are used as emulsifiers 
because of their good foaming ability. 

For determining the nature and properties of the emulsifier present 
in an emulsion, mention may be made of Pyhala^s tests In these 
tests he describes the determination of the emulsifier in a Tschelekener 
(Russian) crude-oil emulsion containing 20 per cent of water. About 
100 g of the emulsion was diluted with 400 cc of benzene and allowed to 
stand for 24 hours. The clear benzene layer was drawn off with a 
pipette. The brown aqueous layer containing a jelly-like, creamy pre- 
cipitate was shaken with 160 cc of a 1:1 ether-alcohol mixture. A 
light, yellow fiocculent precipitate appeared immediately and was filtered 
off, dried, transferred to a dish by means of hot benzene and evaporated 
on a water bath. About 0.34 per cent of ozokerite was obtained. The fil- 
trate was weighed and salted out with hot water. The emulsion contained 
2.9 per cent of salts and 0.1 per cent of lime and sand. The emulsion 
examined was a parafiin crude stabilized by precipitated ozokerite. The 
ozokerite, together with sand, is held in suspension by water containing 
a considerable amount of salt. 

Dow stated that results obtained in the laboratory indicate ordi- 
narily that when an oil is cut and the emulsion stratifies the oil in the 
emulsion, it contains a higher percentage of asphalt than the original 
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oil.* It is believed that asphalt in crude petroleum is present as a colloid, 
and that in the process of emulsification in the well it acts as an emulsifier 
and forms a film around each droplet of water. Thus, according to Dow, 
when this emulsion is collected and resolved, the oil obtained from it 
contains the asphalt from the films in addition to the original asphalt. 
To determine the action of asphalt as an eniulsifying agent, a sample of 
black Bristow (Oklahoma) crude was filtered through fuller earth and 
the filtered oil agitated with distilled water. No emulsion was produced 
even after one hour of agitation. However, Roberts reports that emul- 
sification still takes place. 

Two tests have been recommended for the determination of asphalt: 

(1) The carbon-residue test^ which involves heating a weighed sample 
of residuum of the oil from the emulsion in a porcelain crucible placed 
in turn in a Skidmore crucible. These two crucibles are then placed in 
a large iron crucible and both are covered. Heating is continued while 
the volatile substances of the oil are coming off; it is then increased 
and held high for five minutes. The porcelain crucible is removed, cooled, 
and weighed. In this manner the difference between the percentage of 
carbon residue contained in the oil from the emulsion and the original 
oil is obtained, and it corresponds to the asphalt content. (2) A small 
quantity of the residuum from the distillation is mixed with sand in 
order to spread the oil in a thin layer on the grains of sand. The sand 
is then poured into a cellulose thimble and placed in a Soxhlet extractor. 
Acetone is used for extraction because it is a solvent for oil and wax, 
but not for asphalt. When no more oil remains in the sand, the acetone 
is removed and benzene, a solvent for asphalt, is substituted. The ben- 
zene-asphalt solution is evaporated, and a hard brittle asphalt, repre- 
senting the asphalt content of the residuum, is obtained. 

Investigation of the Demulsifier 

Tests for demulsifying agents are as follows: fl) Test used in select- 
ing the demulsifying agent most suitable for the emulsion in question. 

(2) Tests defining qualitative and quantitative composition of the demul- 
sifier. (3) Tests determining the suitability of the demulsifier for 
electric dehydration. 

The most effective demulsifier is selected by pouring uniform 100-ml 
samples of an emulsion into bottles and adding, by means of a wooden 
stick or a glass rod, a drop of each of the agents. The mixture is shaken 
for several minutes, the bottles allowed to stand at atmospheric tem- 
perature, and the tendency to break estimated. Sometimes heat is 
employed. Only those demulsifying agents which show complete break 
of the emulsion at atmospheric temperature are considered. This test 
is repeated with the most favorable demulsifiers, but in the form of 

* Dow*s statement should by no means be considered as always holding true, 
because concentrated stable emulsions occur in cmde oils which contain no asphalt, 
for example, Gulf Coast. Grade “A,” oil (Roberts). 

t Technical Paper 323A, U. S. Bureau of Mines, 89 pp. (1924). 
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solutions or dispersions of definite concentration (5 or 10 per cent) , added 
by means of a pipette. If heat is applied, it must correspond to a tempera- 
ture at which field installations are expected to operate, that is, 120® F. 
The object of the test is to find the compound which, in the lowest con- 
centration, gives the best and most complete demulsification.^^* 

Tests of the composition of the demulsifying agent are important 
only for those interested in the manufacture of demulsifying agents. 

Tests conducted with reference to the use of chemical demulsifying 
agents in conjunction with other dehydration processes, esp.ecially elec- 
tric dehydration, involve the use of a miniature dehydrator, holding about 
a one-liter sample of the emulsion and operating under temperature 
conditions corresponding to those under which the dehydrator actually 
functions on a large scale.'*^* 

Stability 

Closely related to the emulsification test is the test for determining 
the degree of stability of emulsions.^24 emulsion to be examined is 

heated in an autoclave for one, two, and finally three hours, using vari- 
ous pressures. First the emulsion samples are heated for one hour under 
one atmosphere pressure, the autoclave opened and the emulsion 
examined. If it is not decomposed, a second test is made with a fresh 
sample. This time the emulsion is heated for one hour, but under two 
atmospheres’ pressure, and heating continues until conditions are reached 
under which the emulsion is resolved. By expressing time as the numer- 
ator and pressure as the denominator of fractions (1 atmosphere and 1 
hour = 1/1), Wischetrawsky introduced for 1/1 the term of 1 degree 
stability. As indicated in Table 4, degrees of emulsion stability may be 
differentiated by varying the time and pressure factors. 
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It is of interest to note that Wischetrawsky found cases of American 
emulsions in which breaking could be brought about only at six atmos* 
pheres, whereas the Grozny (Russian) type could not withstand more 
than three atmospheres and one hour of heating. 

Putochkowski and Strukowa claimed that centrifuging is a more 
rapid method of determining stability. 

Instability of emulsions may be ascribed to changes occurring in 
the protective film, which may become brittle and eventually crack, thus 
leading to a separation of the emulsified phase. The break in emulsions 
stabilized with soaps, on prolonged standing, has been observed by 
McBain and attributed to the gradual transformation of the dense soap 
film at the interface into curds. On the other hand, Nugent observed 
that caustic soda broke a benzene-water emulsion stabilized with gelatin 
(caustic soda strips the film layer by layer), and that the breaking was 
preceded by an inhibition period which increased with the age of the emul- 
sion. From this Nugent assumed that the gelatin film increased in thickness 
with age, the inhibition period being a measure of the thickness of the 
gelatin layer. Thus, in some cases, the protective film appears to become 
more resistant with age and the apparent stability of the emulsion 
increases, not decreases, on standing. 

The ageing of the interface between aqueous solutions of sodium 
oleate, sodium stearate, and mineral oil was studied by Andreas, Hauser, 
and Tucker.2*^ They used the method of pendant drops, considering it 
particularly suitable because of instantaneous determinations of inter- 
facial tension at any desired time interval without disturbing the surface 
under observation; boundary tensions were found either to increase or 
decrease during the ageing of an interface. 

Determination of Emulsion Type 

It is not always easy to determine which of the phases is the con- 
tinuous one. The test may be carried out by means of electrical con- 
ductivity measurements. The conductivity is much higher when water 
containing small proportions of electrolytes is the external phase. Water- 
in-oil emulsions with oil (an electrical insulator) as the continuous 
phase will not conduct electricity. This idea was proposed by Clayton 
and later used by Sherrick and Bhatnagar.® 

Bhatnagar^s test consists in examining emulsions in a container pro- 
vided with two platinum electrodes at a fixed distance. A current is 
applied for 1-2 seconds. With emulsions of the oil-in-water type, 10-13 
milliamperes may be used; for the opposite type a very small current of 
the order of 0.1 milliampere is passed through. 

The drop-dilution method for determining the type of emulsion is 
based on the principle tlmt an emulsion may be diluted by adding the 
continuous phase, but not by adding the disperse phase. Pickering®® 
has shown that 99 per cent by volume of mineral oil in a one-per cent 
soap solution may be diluted with water, but does not mix with paraflSn 
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oil. The test is carried out by placing a drop of an emulsion in a small 
amount of water and stirring. If the emulsified globules diffuse in the 
water, then water is the external phase; otherwise water is the internal 
phase.*® Hall modified the test for emulsions which are not too opaque 
and dark in color. A drop of one of the liquids making up the emulsion 
is placed in the emulsion near the glass wall of the container. If it is 
the continuous phase, it diffuses rapidly into the surroundings, forming 
a less opaque area; if it is the disperse phase, it moves through the emul- 
sion. In water-in-oil emulsions Hall observed that water 'sinks as a 
clear drop, whereas oil rises and diffuses. 

Woodman*®® found the drop-dilution test unsatisfactory when dual 
emulsions are formed, and recommended that the test be carried out 
both in the water and in the oil phase, using aged emulsions. 

The indicator method is described and used by Robertson,®* and 
also by Newman.®® A dyestuff, for example Sudan III, a red dye, soluble 
either in one phase or the other, is dusted on the surface of the emulsion 
to be examined. If the oil phase is the continuous one, Sudan III, oil- 
soluble and water-insoluble, will spread throughout the oil; if water is 
the continuous phase, no spreading of the dye will take place; instead 
it agglomerates at the oil globules with which it makes immediate con- 
tact. Iodine and methyl orange are employed as indicators in testing the 
phases of benzene-water emulsions. Iodine is soluble in benzene, and 
methyl orange is soluble in water. Nile blue and scarlet red are used 
by Hall *® as indicators for emulsions of water in various organic liquids. 
According to Joshi,®® the great differences in surface tension and vis- 
cosity between oil-in-water and water-in-oil emulsions can be applied 
as indicators of the emulsion type. 

Determination of Emulsion Constituents; 

Acidity Test and Salt Tests 

Salt and Acid 

Salt and acid determinations in petroleum are important. In the 
analysis of crude-oil systems, the nature of the salt content is first 
determined and then specific determinations of salts corrosive to refinery 
equipment made. The determination of free acids (strong and weak) 
is of considerable importance, as well as the potential acidity. The source 
of the acidity of aqueous extracts may be found in the processing con- 
nected with production methods (acidizing wells with hydrochloric acid 
which leaves the residual brine particles in the oil highly acidic) and in 
the demulsification of the crude with acidic agents. While weak acidity 
is due to the presence of organic acids, such as phenolic or naphthenic 
acids (found in considerable quantities in the crude oil), strong acidity 
is attributed to hydrochloric acid which is evolved on distillation of the 
oil. The potential acidity determines the acid generated in plant dis- 
tillation equipment.*®® 

The pH determination of emulsions should also be considered as a 
part of their systematic analysis. The aging of emulsions very often 
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causes hydrolysis, which influences the permanence of emulsion systems. 
The electrometric method of pH determination with a hydrogen electrode 
is unsatisfactory for emulsion systems. During the procedure, the 
platinum black electrode becomes covered with a film of the soap present 
in the emulsion, and this changes the equilibrium potential completely; 
measurements of this kind cannot give correct values for the hydrogen 
concentration. The pH measurements of emulsions, such as octane- 
Stanolox-sodium oleate-water systems, were made by using the quin- 
hy drone electrode,^ and the results show that erroneous values are often 
obtained. The Beckman glass electrode meter is considered to be the 
most useful. 

When oils are acid-trcated to remove undesirable hydrocarbons, 
the acid is washed out and the oil neutralized. This acid treatment is 
often the source of certain sulfo- compounds which remain in the oil 
if not properly refined. When an emulsion determination is made in the 
absence of these acid compounds, a clean separation between the oil and 
the water is obtained, while a curdled mass floating on the milky water 
layer is an indication of their presence. 

Certain kinds of engine and machine oils, as well as lubricating oils, 
which have been treated with acid during the refining process, may 
contain acid in the final commerical product because of inproper refining. 
The proportion of acid in any lubricating oil should not exceed 0.3 per 
cent; and when properly refined, the oil should show no trace of sulfuric 
acid. The proportion of fatty acids contained in vegetable and animal 
oils may run from 0.5 to 60 per cent. Organic acids may be present in 
some petroleum crudes to the extent of 0.3 per cent expressed as a sul- 
fide, or 2.1 per cent expressed as oleic acid. 

The A.S.T.M. Test Method D47-18 for determining acidity consists 
in weighing 10 grams of the oil to be investigated in a flask to which 
is added 50 cc of 96-per cent ethyl alcohol, and neutralizing with a weak 
caustic soda solution. The flask is heated to the boiling point, shaken 
to dissolve completely the free fatty acids, and the solution titrated 
while hot with aqueous O.IN alkali free from carbonate, using as indicator 
phenolphthalein or methyl orange. The following equation is used to 
express the results in percentage of oleic acid: 

1 cc of O.liV alkali = 0.0282 g of oleic acid. 

The chlorides of calcium and magnesium and sodium sulfate are 
the most common salts for which determinations are made. With respect 
to solids, the determinations involve estimating the total ash, the water- 
soluble solids, and the centrifugeable solids. 

Determination of chlorides is carried out by titration, using silver 
nitrate with potassium chromate as indicator (Mohr^s method ; thus 
the red silver chromate indicates the end point (sulfides, mercaptans, 
or saponified organic acids will obscure the end-point and cause errors 
in the results) . Volhard's method, which is preferred, consists in adding 
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an excess of silver nitrate and titrating back with potassium thiocyanate, 
using ferric alum as an indicator. Total chlorides are calculated as 
sodium chloride. The Volhard method is carried out in acid solution and 
avoids many of the di£Sculties of the Mohr method. 

Electrometric titration of the aqueous extract, although more tedious, 
is available by using a silver wire electrode and a potassium nitrate 
bridge to the calomel cell. This is the most accurate method. 

Standard methods for calcium and magnesium estimation are the 
oxalate precipitation for the first and the phosphate precipitation for 
the second. These methods are well described by Hildebrand and 
Lundell.®®* Calcium oxalate may be titrated with potassium per- 
manganate, and for magnesium the y-hydroxy quinoline method has 
been suggested.*®* These determinations have proved to be quite 
acciirate. 

A standard barium precipitation method®®* has been used to deter- 
mine the sulfate content. 

Scheen and Kahler^®^* recommended the hydroxyquinone method, 
which proves suitable for pure sulfate solutions only, but does not give 
definite end points in the case of extractions of crude oils. 

The solid impurities of an oil sample, as stated above, are estimated 
in three ways. The first is carried out by determining the total ash. 
Roberts finds that the following procedure works satisfactorily: A sample 
(50-200 ml) is evaporated in a beaker to the extent of being transferable 
into a 36-ml porcelain crucible, when it is allowed to sinter until a porous 
carbonaceous mass has been formed. Concentrated sulfuric acid (2-5 ml) 
is added to the cold mass and the mixture ignited. The carbon is burned 
off and the chlorides converted into the non-volatile sulfates. If solids 
are inorganic salts dissolved in water, the determination is carried out 
by evaporating the extract to dryness, adding a few drops of sulfuric 
acid, and igniting the residue to constant weight. The suspended 
material is best determined by diluting the oil with suitable solvents 
and then centrifuging the mixture,®®*’®®*’ after which it is treated for 
soluble salts. 

Dougherty ®® described a method for determining chlorides in petro- 
leum. The salt is estimated after burning off the oil. From 10 to 20 g 
of oil are weighed in a dry nickel dish of 250 cc capacity and the dish and 
its contents are heated over a Bunsen burner. When the oil fumes thickly, 
the gases above the dish are ignited with the flame and the heating 
continued until the oil fmnes burn off. The Bunsen burner is withdrawn, 
75 cc of water are added, and the mixture boiled vigorously for a few 
minutes. The dish is cooled in a container with cold water until cool 
enough to handle, and the contents filtered and washed several times 
with water. A few drops of 1 : 10 potassium chromate solution are added 
and the filtrate and washings titrated in the usual manner with a stand- 
ard silver nitrate solution. The results are calculated to sodium chloride. 
This method is not very accurate. Matthew’s developed a method of 
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determining chlorides in petroleum, using acetone for extraction, which 
has the advantage of permitting the use of larger amoimts of oil. 

The U. S. Bureau of Mines Method No. 300.2 for the determination of 
sediment is given in detail in Bureau of Mines Technical Paper No. 
323B. It determines gravimetrically the sediment insoluble in benzene, 
which is in the form of particles sufSciently coarse to be retained in a 
porous filtet*. Crude oils, except a few sump hole oils, usually contain a 
very small amount of sediment, and therefore this test is mostly used 
for the determination of sediment in heavier grades of fuel oil. 

A method for the determination of suspended solids in crude oils has 
been described by Roberts, Stenzel and Eberz.®®'>' The centrifugeable 
solids in a crude oil are determined by diluting the latter with suitable 
solvents and then centrifuging the mixture. The procedure of this method, 
which has been found very accurate, is as follows: 60 ml of oil are placed 
in each of eight 100-ml centrifuge tubes, filled with xylene, shaken, 
warmed to 140° F, and centrifuged for 10 minutes at 1800 r.p.m. The 
liquid is decanted without disturbing the precipitate, which is then trans- 
ferred with the aid of xylene to a single centrifuge tube. The precipitate 
is then washed with (1) xylene, (2) acetone, and (3) water, and trans- 
ferred with the aid of acetone to a filter paper previously washed with 
acetone, dried, and weighed. The filter is then dried for an hour at 220° F 
and weighed, and the weight of the solids calculated. A portion of 
the solids is heated in a platinum crucible with a few drops of sulfuric 
acid, ignited in order to determine the amount of organic matter, and the 
weight of the mineral portion of the solids (as sulfates) recorded. 

Oil 

The determination of oil in emulsions of the oil-in-water type with 
soap as emulsifier consists in determining the oil plus the fatty acids 
of the soap, by treating the emulsion in a Babcock fiask with sulfuric 
acid. The liberated mixture of oil and acid is centrifuged and measured, 
its specific gravity taken and the combined percentage calculated. On 
a separate portion of the emulsion the fatty acids are determined by 
breaking the emulsion in a separatory funnel with alcohol and petroleum 
ether, shaking out the soap with several changes of alcohol, evaporating 
the alcohol and recovering the fatty acid from the residue by decompos- 
ing with acid. The fatty acids are extracted with ether and the residue 
evaporated to dryness and weighed. The percentage of fatty acid 
obtained is deducted from the combined percentage previously found 
and the percentage of oil obtained. 

Markwood considered this method tedious, requiring several hours. 
The other disadvantages which he pointed out are that it is indirect 
and also makes use of inflammable, volatile solvents. He proposed a 
direct method that can be completed in 20 to 30 minutes with no inflam- 
mable solvents involved. This method is based on the fact that emulsions 
of the oil-in-water, soap-stabilized type are resolved by phenol, which has 
the ability to alter the surface tension of a soap solution. This method 
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consists in weighing a portion of the sample (about 5 grams) , introducing 
it through a tube into a 10-cc calibrated flask and adding dropwise 3 co 
of a phenol solution (75-per cent). The flask is rocked gently back and 
forth and rotated in order to bring the phenol into contact with all por- 
tions of the emulsion. To complete the resolution, another cubic centi- 
meter of phenol may be added slowly. The cylinder is then centrifuged 
for several minutes and the volume of the oil layer read. The specific 
gravity of the oil is determined in a small pycnometer and the percentage 
of oil calculated. The volume of phenol is limited to about 4 cc when 
using a 10-cc graduate. The method may be modified by using the usual 
Babcock flask in place of the graduate. In this case the oil sample is 
increased to 10 grams, and a larger area of contact of the emulsion and 
phenol obtained; this is essential in handling stubborn emulsions. After 
the emulsion is completely broken, water is added slowly down the side, 
without mixing the contents, until the volume of oil may be read in the 
graduated portion, thus the oil is subjected to a washing process and 
the small amount of phenol dissolved therein is removed. In the case of 
the Babcock flask, as much as 15 cc of phenol has been used on a 10-gram 
sample. This is an extremely inaccurate method because of the relatively 
high solubility of phenol in the oil. 

A rapid graphical method for the determination of the proportion of 
crude oil in water-in-oil emulsions, where the character of the crude oil 
and the composition of the oil-well water is known, is described by 
Wischetrawsky.^^® A curve is constructed on a chart which indicates the 
specific gravity of the crude oil and the bore hole water in various 
Imown proportions. To determine the oil content in an emulsion obtained 
from the same bore hole, only a specific gravity determination is required, 
the proportion being interpolated from the curve. 

The gravity of the dry oil may be determined by using Woelflin’s 
chart,^*®“* which is based on calculated values, since there is no change 
in volume during emulsification. The wet oil may also be resolved into 
oil and water, and the gravity of the separated oil measured by means 
of a hydrometer (ASTM Method D 287). The national Standard 
Petroleum Oil Tables, U. S. Bureau of Standards Circular (N154) may 
be used to correct the observed gravity at the observed temperature 
to the gravity at 60° F. 

Woelflin t compared three methods used for determining gravity of 
the oil component of cut oil. These methods are; (1) distillation, (2) 
computation, and (3) chemical-centrifuge. In the first method, oil is 
distilled at a temperature suflSciently high to remove the water, and the 
water and distillate are condensed in an ice bath. The distillate is 
separated and poured back into the residue, vigorously stirred, and the 
gravity of the resulting mixture determined. The distillation method 
has been discarded because of two sources of error. The first is that 

* Woelflin’s chart may also be used to determine any one of the following prop- 
erties: gravity of ^e brine, percentage of the brine, and percentage of oil. 

t The Electric Dehydrator, Vol. 2, No. 3, March, 1032. 
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some of the light oil fractions escape the condenser and this results in 
a loss of gravity. The second is that if water were very finely divided 
in the cut oil, the salt remaining after evaporation of water would be 
of an extremely small particle size and would remain in suspension. This 
suspended salt would also cause the gravity of the oil to be too low. 

The calculation method has been found correct only in case the 
amount of water present in the cut oil does not exceed 3 per cent (the 
error is not over 0.1® A.P.I.). Calculations for correcting the gra-vity 
of a crude oil for water content are usually made at the observed tem- 
perature of the cut oil. A sample computation, correcting the gravity 
of a Signal Hill oil having a water content of 2 per cent, is given by 
Woelfiin: 

Observed gravity of cut oil, 28.7° A.P.I. at 65° F = Sp. gr. 0A833 at 66° F 

Water content by distillation or by chemical, 2.0% water 

Sp. gr. of water 1.0165 at 79° F = 1.0180 at 65° F 

Weight of 100 ml of cut oil at 65° F = 8883 grams 

Weight of 2 ml of water at 65° F = 2.04 grams 

Difference is weight of 98 ml of oil = 8689 grams 
Sp. gr. of oil at 65° F = 8689 -5- 98 = .8809 
°A J».I. of oil at 65° F = 29.1 

•A F.!. of oil at 60° F = 288 

Finally, the chemical centrifuge method is considered most satisfactory 
and, when used in conjunction with the calculation method, permits the 
determination of gravity at any desired cut. The “chemical-centrifuge 
gravity” is obtained by adding a small amount of de-emulsifying chemi- 
cal to the cut oil to break the emulsion and centrifuging out the water. 
The gravity of the separated oil is then determined by a hydrometer or 
Westphal balance. 

A 100-ml centrifuge tube is used for the cut oil. About 2-10 drops of 
the chemical is added, and the tube is stoppered, shaken, and centrifuged. 
Use of the same kind of chemical which serves to break the emulsion 
in the field is recommended. When the gravity of the oil is below 22® 
A.P.I. the tube, after shaking, is placed in a water bath (100-130® F) 
for 30 minutes before centrifuging. The oil is centrifuged for i to 4 
hours. If previously heated, the oil is cooled to room temperature. If 
the oil is of high gravity, lighter than 26° A.P.I., it is removed from the 
tube with a pipette. About 150 ml are necessary when using a 6-inch 
hydrometer. After determining the gravity, a cut is taken of the oil 
to determine the water content. 

Water 

The existence of numerous methods for determining the water con- 
tent of oils and emulsions indicates the importance of this determination. 
There are two principal test methods for determining water, both in the 
laboratory and in the field: (1) determination of emulsion water and 
sediment (BS&W) by centrifuge; (2) determination of water by distilla- 
tion. 
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The determination of BS&W by centrifuge shows the amount by 
volume of emulsion, water, and sediment. This is the simplest and 
most rapid method of determining the water content (Refer to ASTM 
Method D 96-30). 

The centrifuge method consists in placing 50 ml of 90-per cent 
benzene and 60 ml of the oil to be tested in 100-ml centrifuge tubes 
shaking vigorously, heating to 120° F for 10 minutes, and again shaking 
and centrifuging. The emulsion water and sediment are thus precipitated. 
A better solvent than benzene was selected for asphalts and waxes 
present in the oil, namely, diethyl ether, as well as 3:1 mixtures of 
gasoline-carbon disulfide, gasoline-diethyl ether, and petroleum ether- 
benzene. In the centrifuge tests on wet oil, it has been suggested adding 
to the centrifuge tubes before heating a few drops of a demulsifying 
agent, such as Tretolite, whereby the total water content of wet oil is 
obtained as the emulsion resolves into oil and water. (ASTM method 
D 96-30). 

The ^stillation method for determining water in emulsified oil con- 
sists in refluxing a measured quantity of oil mixed with a diluent and 
collecting the distillate in a graduated receiver. The water content 
determined by this method should be corrected for the difference between 
the volume of salt water present in the wet oil and the volume of the 
distilled water measured in the receiver. This correction varies from 
0 to 8.2 per cent (for water containing 20 per cent salt). (ASTM 
Method D96-30.) 
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According to the ASTM Method D 95-30-100 ml, (IPT) Serial 
Designation F014, a metal still is used in distilling cut oils having a 
high water content. In the standard method for testing water, the oil 
IS e.qual volume of gasoline of a specific boiling range 

and distilled in a modified Dean and Stark apparatus. The still is a 
round bottom 500-ml fiask fitted with a reflux condenser discharging 
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Fia. 33b. Apparatus for Determining Water. 


into a glass trap which serves to collect and measure the water, while the 
excess solvent is returned to the flask. Water-saturated xylene may be 
used as a solvent, and the addition of one per cent of triolein has been 
recommended to reduce foaming. 

Senger^®® determined the proportion of water admixed with tar by 
slowly inserting into it a glass tube about 8 mm in diameter, withdrawing 
the tube, and calculating the amount of water from the length of the 
column in the tube. After pouring off the water, the sample is mixed in 
a mortar and 500 g are distilled in a copper container of one liter capacity, 
the removable lid of which is fastened by clamps. The steel-encased 
container is heated by gas until the water is completely boiled off. The 
oil starts to distill at about 200° C. This determination takes about 
3 to 4 hours, and no foaming occurs. 

Testori determined water in molasses by distilling about 50 g of 
molasses with 200 cc of turpentine and collecting the condensed water in a 
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graduate. This procedure has been claimed to be more accurate than 
ordinary oven d^ng. Jayne used an improved testing still of heavy 
copper with straight sides, which is easy to clean thoroughly. 

Sadtler^"^ used a distillation method to determine water, especially 
in tars. Because of the particularly viscous character of tars, lumping 
and frothing is very likely to occur on distillation.*^ The carefully 
sampled substance (25 to ^ g, depending on the moisture content) is 
quickly covered with 200 to 300 cc of benzene in an Erlenmeyer flask 
which is connected to a Liebig condenser, and a receiver, similar to that 
adopted by Dean, and consisting of a tube of about inch inside diame- 
ter graduated in tenths of a cc, is placed in position. At a little above the 
10 cc mark the tube is drawn into a funnel or bulb shape large enough 
to hold 250 cc. Sadtler recommends first heating, not distilling, the 
benzene in the flask by means of an oil bath at a temperature of about 
110 to 120° F for from one to two hours when the water collects in the 
upper part of the flask and condenses. Distillation begins after one to 
two hours of heating and runs regularly at a rate of about one drop per 
second. The water distills over before the benzene gets too hot, and the 
latter does not apparently emulsify with the water to any great extent 
while distilling. 

Some tars are very difficult to free from water and tend to boil over. 
Jasme** suggested that the removal of water might be greatly facilitated 
by adding to the tar a hydrocarbon, such as pure toluene, boiling at a 
temperature slightly higher than water. Partly because of the viscosity 
of the tar and partly because of the small difference in specific gravity 
between water and tar, the water determination is quite difficult. The 
addition of toluene thins the tar and, as distillation proceeds, the water 
is almost completely carried over. Jayne points out that distillation for 
determining water content, which otherwise requires hours, can be com- 
pleted in this way in about twenty minutes. 

Marcusson proposed a method for the determination of water in oils, 
fats, soaps and resins by distillation with an immiscible liquid. Water- 
saturated xylene has been used as the liquid to carry over the water in 
distillation, the water being collected in a l(X)-cc graduate. The method 
is rather inacciurate. In the Charitschkoff method, 1(K) g of petroleum 
are diluted with 500 cc of kerosene previously saturated with water. A 
part of the mixture is introduced into a 100-cc tube, shaken to obtain 
solution of the petroleum in the kerosene, and allowed to stand 24 hours 
until complete settling of the water takes place. 

Dean*® attempted to estimate the moisture in creosote oil, using 
Marcusson’s method, and claimed more accurate measurements of the 
condensed water. Graefe*® determined the moisture in lignite by 
distilling with naphtha. Hoffman and Marcusson®^ also suggested a 
method for the determination of water in tars in which the oil is diluted 
to one-half with a light oil, boiling from 80 to 120° C, and is then distilled. 
It is pointed out that a graduate which is narrow at the bottom be 
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used to allow a more accurate reading of the water separated by dis- 
tillation. 

A method for determining the water contenti applicable to coal tars 
which cannot be handled by other methods, is described by Prutzman.®® 
He uses an apparatus consisting of a pint-size oxygen retort, with a bent 
outlet tube connected with a straight tubular condenser. (Between the 
collar of the retort and the still head is an asbestos gasket filled with 
graphite grease). A sheet-iron jacket surrounds the bulb of the retort, 
and a tapered centrifuge tube is used as a receiver. A fifty-fifty mixture 
of benzene and toluene is used as a reagent. Fifty cc of oil and 60 cc 
of reagent are measured and poured into the bulb of the retort. On 
distilling, benzene and water are driven over, followed by toluene, which 
forces the condensed water out of the neck and condenser into the cen- 
trifuge tube. The volume of water is read off and calculated in the usual 
manner. With very strongly emulsified oils, or where the percentage of 
water is very high, Prutzraan recommends using a two-pint retort bulb 
and double the amount of the benzene mixture. The extreme solubility 
of petroleum in benzene and toluene, and the low boiling point of ben- 
zene, prevent the samples from foaming over. The Transport Co. of 
West Virginia also proposed a method of water determination by mixing 
an average sample of oil with an equal quantity of benzene and sub- 
jecting the mixture to a temperature of 120® F for not less than 2 hours 
for light grade petroleums, and about 18 hours for heavier grades. The 
following scale, based on density, evaluates grades of petroleum: 

Grade: A, 37.1 

B. 33.0-37.0 

C. 31.6-32.9 

D. 30.6-31.6 

E. 29.6-30.5 

F. 28.6-296 

G. 286 

Spalteholz uses an iron kettle of one-half liter volume for determin- 
ing water in tar. The kettle has a side outlet near the top and four 
openings in the cover, one for a thermometer, one connecting with the 
side outlet, one for a condenser, and one for a dropping funnel. The 
funnel discharges into a small cylindrical reservoir which overflows into 
the kettle. To make the determination, the kettle is filled with high- 
boiling anhydrous anthracene oil, heated to 270®, and the tar sample is 
allowed to drip slowly from the funnel into the hot oil. The low-boiling 
part escapes through the side outlet, the water through the condenser. 
(It is claimed that the apparatus requires no filling after a test run and 
permits rapid and sufficiently accurate work.) 

A method for the determination of emulsified water in greases and 
coal-tar samples has been worked out by Dean and Stark.®^ Naphtha 
solvent proved useless for this type of emulsion, since the tars in question 
were quantitatively insoluble in petroleum distillates. When petroleum 
emulsions were tested, the xylene-benzene-solvent mixture was found to 


Density : 0638 

0659-0638 

0672-0667 

0677-0672 

0683-0677 

0683 or more 
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work satisfactorily. In estimating the water content of various organic 
emulsions, particularly of petroleum emulsions, the method for distilling 
in the presence of an immiscible solvent was considered the most reliable. 
A mixture of 80 per cent of commercial xylene and 20 per cent of com- 
mercial (90-per cent) benzene was the solvent used. To avoid bumping 
(in which oil is blown out through the top of the condenser), a porous 
plate is used during distillation. The procedure is as follows: 100 cc of 
the emulsion is placed in a graduate with 100 cc of the solvent. The 
emulsion is poured into a 500-cc flask, drained for 1 to 2 mfnutes, and 
washed with successive portions of the solvent. Distillation proceeds 
at a rate of 2 to 4 drops per second for one hour. A special type of 
electric heater, similar to the one described by Dean was used by these 
investigators, but without regulating rheostats. (The resistance element 
operates on a 110-volt alternating current, and is constructed of No. 27 
nickel-chromium wire 23 feet long. It has an approximate resistance 
of 72 ohms and a capacity of 165 watts, which maintains the desired 
rate of distillation). Among other solvents, the so-called cleaners’ 
naphtha, derived from petroleum, is claimed to work very satisfactorily. 
The advantage in using a solvent not miscible with water is the preven- 
tion of foaming. 

In Barrett Company’s method described by Weiss, 200 cc of the emul- 
sion are mixed with 200 cc of light oil and distilled at 400° F. The water 
is collected and measured. This method of determination requires con- 
siderable time and attention on the part of the operator. 

Nettel®^ described an interesting method of water determination. 
One hundred cc of oil-containing water are mixed with an equal volume 
of light benzine and 50 cc of O.IN hydrochloric acid is added. By shak- 
ing for 5 minutes in a separatory funnel the hydrochloric acid absorbs 
the water, and after standing a half hour at 65° it separates to a large 
extent. The water absorbed by the acid is determined by titrating with 
O.IAT sodium hydroxide. According to Nettel, the water is absorbed com- 
pletely by the acid and the oil is not changed chemically. Since the water 
in the crude is considered neutral, it has no influence on the method. 
Actually, oil-field lines vary between pH 5 and pH 12. 

Differences between the percentage of water obtained by distillation 
of a given oil are often quite significant, for example, 1 per cent instead 
of 0.7 per cent (Nettel method) . There may be various reasons for such 
a disagreement, for instance: (1) In the case of petroleum an imequal 
distribution of water in oil may be the result of a difference in sampling; 
and (2) During the time of shaking with the reagent, not all the water 
droplets are brought into contact with the added substance which extracts 
the water. On the other hand, the investigations of Engler reveal that 
nitrogen-containing substances of the pyridine series are present in 
crude petroleiim, which react with hydrochloric acid if it is used for 
treating, as in the Nettel method, thus leading to a higher value of water 
content. In addition, any other substance which reacts with hydrochloric 
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acid will lead to high results, and any alkaline material present in the 
system will lead to low results. 

Graefe^s method for water determination is based on the reaction 
of metallic sodium with water. The oil is not diluted with benzene 
because such dilution accelerates the precipitation of water and does not 
allow complete contact of the alkali metal with the water. Only a liquid 
which dissolves water may be used for this purpose, c.gf., ether, which 
must be free from water and alcohol and previously dried over sodium. 
The sodium powder is prepared by melting sodium in a flask filled with 
xylene and shaking until it solidifies. Graefe^s apparatus consists of a 
small (30- to 40-cc) distillation flask containing 5 to 10 cc of ether. 
By means of a wide-neck funnel a half teaspoon of powdered sodium is 
introduced and quickly washed with 10-20 cc of ether. A small separatory 
funnel drawn to a narrow tube extends into the ether layer and is securely 
fastened to the flask. About one cc of the crude oil is poured into the 
funnel, washed with one cc of ether, and stirred with a platinum wire to 
lower viscosity. The stop-cock of the separatory funnel is opened to 
permit the crude oil to flow into the flask. Hydrogen is set free when 
the first drops of oil flow on the sodium. Since the hydrogen evolved 
contains ether vapors, thereby increasing its volume, it must be adsorbed. 
The completeness of water decomposition is calculated from the gas vol- 
ume increase. Acording to the reaction: 2Na -h 2 H 2 O = 2NaOH + H 2 , 
or one H 2 requires 2 H 2 O, it is known that 1/1000 gram molecule of Ha 
occupies a volume of 22.38 cc at 760 mm pressure and 0° and requires 
36 mg of water for its formation. Each cc of H 2 corresponds to 1.61 mg 
of water at 760 mm and 0°. Calculations are made using the formula: 

a . 1.61 (6 - s) 273 

^ = mg H 2 O 

760 . (273 + t) 

where a is the number of cc of H 2 , h the barometric pressure in mm of 
mercury, s vapor tension, in mm of mercury, of the naphtha used in the 
burette, and t the temperature in degrees centigrade. The vapor tension 
of the naphtha used is so small that it is practically negligible. 

Graefe points out one objection to this method, namely, that hydrogen 
is also formed from other substances in the crude oil, but only hydroxyl 
and carboxyl groups containing compounds can be taken into considera- 
tion. From phenols, only one hydrogen is set free, according to the equa- 
tion: 2ArOH -h 2Na = 2ArONa + H 2 , where Ar is an aromatic radical 
whose molecular weight is about 5 times that of water, so that only i 
as much hydrogen is evolved. Further, phenol occurs only to the extent 
of a fraction of a per cent in petroleum; its influence may therefore be 
neglected. In the case of tars and brown coal tars, Graefe’s method 
is unsuccessful. Carboxy-acids react with sodium after completion of 
the reaction with water, thereby liberating additional water which reacts 
with the excess sodium, liberating additional hydrogen. (A solution of 
stearic acid in ether required about 24 hours for complete conversion.) 
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Graefe also tried a method of determining the water content by 
the difference in specific gravities of oil containing water and water- 
free oil. About 100-cc samples of crude oil were put into tightly closed 
bottles containing about 20 g of anhydrous calcium chloride. The 
bottles were allowed to stand in a steam bath for many hours. The 
water-free oil, as well as that containing water, was weighed after 
standing over night. The amount of water obtained was much higher 
than that found by other methods. The apparent sources of error are 

(1) precipitation of organic acids by reaction with calcium, chloride; 

(2) removal of high molecular weight and/or polar materials by adsorp- 
tion on calcium chloride; and (3) losses by evaporation. 

Charitschkoff,^® and later Robert and Fraser,®® proposed a chemical 
method for the determination of water in petroleum, based on mixing a 
weighed amount of petroleum with calcium carbide. According to the 
equation: CaC 2 + H 2 O = CaO + C 2 H 2 , acetylene is generated and 
measured. The determination, according to this method, requires only 
about 15 to 20 minutes. 

The acetylene method was further developed by Strache and Glaser,*^® 
who proved that the formation of acetylene from calcium carbide and 
water proceeds according to the following equations: 

(1) CaC. + H,0 = CaO + C.H, 

(2) CaCi + 2 H 1 O = Ca(OH)« + CsH> 

Up to 40°, the reaction follows equation (2) ; from 40-140°, both reac- 
tions occur simultaneously; above 140°, the reaction follows only equa- 
tion (1). Strache and Glaser did not measure the acetylene formed, 
but they did determine the heat of combustion with a direct-reading bomb 
calorimeter constructed by Strache. This method worked well for the 
determination of comparatively small amounts of water and water vapor 
in air and gases, but was modified for the determination of water in 
emulsions. The i'ied air was conducted through the heated emulsion as 
in the case of the analytical weight method, except that the air was 
passed over calcium chloride in a tube placed in a bath held at a fixed 
temperature. This was done to differentiate between the two reactions. 
A diagram (refer to the original work of Strache and Glaser) is presented 
summarizing the percentage of water vapor reacting according to equa- 
tion (1) and equation (2) for all temperatures. This allows direct deter- 
mination of the water content from the amount of acetylene formed. 

Allen and Jacobs,® in a paper presented at the Eighth Congress of 
Applied Chemistry in Washington, discussed the Wielezinski and Robert 
and Fraser method. They suggested that the acetylene evolved should be 
measured by displacement with a saturated solution of sodium chloride, 
in which it is insoluble. 

Sselski *^® advises the use of a centrifuge in connection with the method 
of water determination based upon its separation by settling out from a 
benzene solution. This method was developed by Dean, Stark, and also 
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Marcusson. By using a centrifuge, separation of water and benzene is 
A/r a short time. The usual settling test, known as the Accisen 

Method, can be improved, according to Sselski, if, after the water has 
collected in the lower part of the benzene-oil solution, leaving the upper 
layer practically free from water, the top layer is poured off and the 
renaainder diluted with benzene.* This may be repeated several times. 
bselSKi notes that there is a better separation in the less viscous and 
lighter benzene than in the more viscous petroleum. The centrifuge 
method at the same time also allows for the determination of impurities 
present m the form of mechanical admixtures. This method does not 
10 Q 0 diluted with benzene ( Woelflin, Electric Dehydrator, 

1932-1933). Treating chemicals should be added to benzene in order to 
resolve emulsions to water, or phcnolated benzene should be used as a 
cutting solution. 


Odell and Thiele mention a method frequently used for petroleum 
emulsions, which requires the addition of a light gasoline. Dilution with 
an oil which dissolves ipuch less water than gasoline is difficult. Gasoline 
dissolves an extremely small amount of water, and is often used to pre- 
cipitate water quantitatively from other organic liquids. In this method 
the mixture is centrifuged, and the water settles at the bottom, its volume 
being read directly. The next procedure is centrifuging with a heavy 
solvent which has a high specific gravity, is a good solvent for tar, and 
is immiscible with water. Carbon tetrachloride and carbon disulfide are 
such solvents, the former being preferable. Actually none of the solvents 
named can be depended upon to resolve crude-oil emulsions to water. 
It is stated that warming the solution before centrifuging aids in the 
separation, and that this method is more accurate for a small percentage 
of water in the emulsion than for large amounts (75 per cent) . 

Odell and Thiele proposed a method involving selective adsorption 
of water from a vaporized sample by suitable reagents. Carbon black, 
for example, has a very strong adsorbing power for oil and tars. The 
amount added depends on the character of the oil or tar (about one-fifth 
by weight of the tar used) . It is stated that a tar emulsion is resolved by 
addition of carbon black, permitting the free water to unite and separate. 
The accuracy of the method is claimed to increase for large percentages 
of water. Since no mention is made in the literature of the use of any 
other dehydrating agent, and since carbon black should stabilize, rather 
than break, an emulsion, the method does not seem to be feasible. Dis- 
tillation methods work easily and quickly for tars having a small amount 
of water, but otherwise these methods are tedious. 

For oils containing phenolic substances and light-colored shale oil, 
as well as for coal-tar distillates, the sulfuric acid dehydration method 
is applicable. The simplest among such methods is the shaking of a 
known volume of oil in a stoppered graduate using concentrated sulfuric 


’^The method of pouring of! the top oil diould not be used, as a considerable 
proportion of the fine emulsion which has not been precipitated will be lost 
(Roberts). 
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acid by volume proportion of acid to oil). The amount of water 
present is determined from the contraction in the volume of the oily layer. 
The method is limited in its application, because most of the oils are 
sulfonated by agitating with sulfuric acid, although frequently the water 
present in the oil reduces the strength of the acid and makes the amount 
of sulfonation negligible. This method is considered useful for the rapid 
estimation of water present in the oil, and it is claimed to serve for the 
determination of water in tars containing not more than 10 per cent. 

Another method recommended by Odell and Thiele®^ is the Latex- 
copper sulfate method, which is more accurate. Five grams of oil are 
weighed in a beaker which is covered with a slightly greased watch glass. 
One to two grams of pure copper sulfate are ignited to the white anhy- 
drous salt and cooled in a desiccator. The weight of the anhydrous salt is 
determined and the content of the crucible added to the oil in the beaker. 
The oil is dissolved in 70 cc of a suitable anhydrous solvent, agitated for 
some time, and allowed to stand for a few hours. The lumps of copper 
sulfate are filtered off and washed with a light solvent, and the latter is 
evaporated. The gain in weight of the copper sulfate represents the 
amount of water in the 5 grams of oil taken. This method is especially 
useful for spent benzene, wood tar with a high water content held in 
suspension by phenolic substances, and similar compounds which, acting 
as emulsifying agents, permit the emulsification of large amounts of 
water in the oils named. 

An accurate method for the determination of water in gasoline and 
benzene, whether present in solution or in suspension, is the calcium 
chloride method proposed by Clifford.^® (The Graefe method has been 
found to be unsuitable for the determination of water dissolved in gaso- 
line.) With respect to other solvents, such as acetone, pyridine, ethyl 
alcohol, and glycerol, it is stated that they cannot be analyzed for their 
water content by the calcium chloride method, as they are miscible with 
water; they are retained by calcium chloride only to a certain extent and 
therefore cannot be displaced. This method is unsatisfactory, not only 
for liquids which are completely miscible with water, but because there 
seems to be a reaction between calcium chloride and the organic liquid, 
and/or an absorption of alcohol of crystallization. The calcium chloride 
method works as follows: a current of air, previously dried by calcium 
chloride, is passed through or brought into contact with the sample in 
question at the rate of 5 to 15 liters per hour for from 1 to 2 hours. If 
a part of the water settles, it must be shaken frequently to keep it in 
suspension; complete vaporization of the water must be secured. The 
moisture extracted from the sample by air is adsorbed in another cal- 
cium chloride tube. To displace the vapor from the tube before weigh- 
ing, dry air is passed directly from the calcium chloride tube at the 
rate of 6 liters per hour for one hour. Any other suitable dehydrating 
material may be substituted for calcium chloride, but it must not absorb 
or react with the vapor of the sample. 

There is also a method of freezing out water by subjecting the cmul- 
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sion to a low-temperature bath; however it is impractical for determioa- 
tions of water in crude petroleum, as well as for water dissolved in gaso- 
line, since calculation is based on the difference in the specific g;ravitie8 
of the sample before and after dehydration. Emulsified crude oils are 
not in general susceptible to dehydration by freezing and the method 
is also too cumbersome for general use. 

The standard procedure * for freezing emulsions is carried out as 
follows: About 400 g of an emulsion are placed in a clean metal container, 
such as a one-pint press-top tin, the container sealed, and the emulsion 
exposed to a temperature of 0° F ( — 17.7° C) for 12 hours, after which 
it is permitted to thaw by exposure to room temperature. This alternate 
freezing and thawing is repeated twice after the first operation (three 
cycles of freezing and thawing). The result of this test is that the emul- 
sion either appears homogeneous after the third cycle or is broken and 
separated into distinct layers. 

Rosewarke and Connell report a suitable method for determination 
of the water content on a small, as well as on a large, laboratory scale, 
based upon the effect produced by allowing the material to flow onto a hot 
surface in a closed space. This method has been used for separating 
water from stiffly mixed Alberta bituminous sand emulsions. The appa- 
ratus consists of a 5 liter “Pyrex” flask with a special short still head, 
carrying a copper funnel 17 inches in diameter. The upper part of the 
funnel is heated with gas to produce a ready flow (regulated by a valve) 
of the bitumen. The flask is placed on a sand bath and heated, foaming 
being prevented by maintaining the temperature below that of boiling 
water. The loss of light oil constituents is determined by means of a 
charcoal adsorption tube. The difference in the weight of the bitumen 
charged into the funnel and the final product gives the water content 
of the emulsion. 

Very little information exists regarding the solubility of water in' 
hydrocarbons, such as petroleum, paraffin oil, etc. Among the many 
methods described by Allen and Jacobs ‘ for the measurement of water 
in petroleum products, Elisabeth Aldrich,^' considers the methods of 
Groschuff and Clifford as most accurate for the quantitative determina- 
tion of water dissolved in gasoline. Groschuff measured the solubility of 
water in kerosene, benzene, and paraffin oil by observing the temperatures 
at which known amounts of the tested substance and water heated in 
sealed tubes and then cooled revealed the presence or absence of turbidity. 
This method is erroneous because it is difficult to prevent undercooling 
and difficult to estimate the total water dissolved since some of it may 
adhere to the walls of the tube. Clifford’s method consists in bubbling 
dried air through water-saturated gasoline and weighing the calcium 
chloride tubes through which air and vapors were passed. Gasoline 
vapors were removed by passing dried air through calcium chloride tubes 
for several hours. In this method a loss of water vapor is possible during 

* A5.T.M. Tentative Standards No. 744 (1936). 
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the time when water is adsorbed in the weighed tube, since the dried air 
is diluted with gasoline vapor, thereby reducing the partial pressure of 
water vapor below 0.2 mm (vapor pressure of water above calcium 
chloride is about 0.2 mm of mercury). 

Miss Aldrich used a modified Clifford method in which hydrogen 
liberated by sodium was a measure of the amount of water present. The 
sample of gasoline was saturated with water by shaking for a predeter- 
mined period at a constant temperature. The water-saturated gasoline 
was placed in a container filled with dry air, and a sodium-potassium 
alloy introduced. The hydrogen evolved from the gasoline and frozen 
in liquid air was measured in a burette at a definite temperature and 
pressure. Measurements recorded included data on the volume, tempera- 
ture, and pressure of hydrogen, and on the weight* of the water dissolved 
in the known weight of gasoline, as well as in 100 grams of gasoline, 
computed according to the following equation; 

57.78 X io-‘ r py 1 

W L< + 273.1 J 

where S is the solubility in weight percent; P, the pressure of hydrogen 
in mm of mercury; V, the volume of hydrogen in ml; t, the temperature 
of hydrogen in ** C, and W, the weight of the gasoline sample in grams. 


Source of OaBoline 

Oklahoma 
natural gasoline 


West Virginia 
natural gasoline 


California 

crude 


Mid-Continent 

crude 


Table 6. Solubility of Water in Gasoline 
(Elisabeth W. Aldrich) 


Sp. Or. 

Temper- 
ature of 
Satu- 
ration 

Wei|;ht 

Sample 

(gr; 

Volume 

Temper- 

ature 

Pressure 

Solubility 

covw 

("C) 

(ml) 

CC) 

(mm) 

(Weight %) 

0.677 

10 

24.04 

6.61 

31.2 

246 

0.0128 


30 

29.59 

8.67 

26.0 

283 

0.0160 


50 

21.17 

7S7 

28.2 

271 

0.0193 

0.695 

10 

22.01 

3.05 

31.0 

193 

0.0051 


30 

33.56 

4.91 

26.0 

237.5 

0.0067 


50 

32.29 

5.26 

29.5 

237 

0.0074 

0.733 

10 

24.66 

3.99 

29.0 

212 

0.0066 


30 

32.82 

4.99 

27.0 

236 

0.0069 


50 

20.27 

5.44 

28.7 

215 

0.0111 

0.718 

10 

22.84 

Z27 

32.0 

214 

0.0058 


30 

31.06 

8.67 

25.0 

295 

0.0158 


50 

28.41 

10.39 

27.0 

295 

0.0208 


Groschuff and Clifford found that the solubility of water in benzene is 
approximately five times greater than in gasoline, and that the tem- 
perature coefficient of solubility is much greater than that for gasoline. 
Similar differences may be anticipated between different hydrocarbon 
series (Aldrich). 

The question of determining water dissolved in oil is important when 
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dealing with transformer oils. Groschuff carried out solubility deter- 
minations, using Alexejew^s method,^ later perfected by Rothmund.®® 
This method consists in a complete dissolution of water by heating to a 
high temperature and cooling below the solubility point so that a fine fog 
is formed. The solubility temperature is determined within 5-10 degrees, 
the water is redissolved, the fog formed as quickly as possible (not too 
strong under cooling) , and the container placed on a bath at the antici- 
pated solubility temperature. If the fog disappears in 10-15 minutes, or 
drops of water are formed on the walls of the container, the experiment 
must be repeated. Groschuff’s work shows that at 18® benzene adsorbs 
0.057 per cent by weight of water, petroleum 0.005, and paraflSn oil 0.003, 
the solubility increasing with increase in temperature (the temperature 
coefiicient changes likewise) . The water content of petroleum and paraffin 
oil saturated with water is the same as that of air saturated with water, 
but for benzene it is much higher. 

In the case of highly treated oils (those which must be thoroughly 
cleaned) much trouble is encountered from emulsions and poor washing 
due to an excessive proportion of water used in washing. It is possible 
to determine from experiment the proportion of water to oil which gives 
good washing and a minimum of trouble. In plant practice a fixed 
minimum of water is pumped in and live steam turned on. The steaming 
is continued until the water volume is increased to the determined figure, 
when the steam is shut off and the wash water allowed to settle. In this 
way it is possible to discount differences in the quality of the steam, as 
well as seasonal and other temperature conditions which increase or 
decrease condensation. 

Fowlcr^s (H. G.) method of neutralization applied to the washing of 
oils brings both the matter of temperature and water balance under con- 
trol. He found that if an acid-treated oil is neutralized with soda in 
the cold, sufficient soda added to carry the batch to the alkaline side, 
and the temperature of the oil-soda mixture raised quickly to 180® F 
or higher, the soaps will break clear, settle rapidly, and give a superior 
quality of oil. In using this method, it is possible to determine the 
strength of the soda, the temperature, and the proportion of wash water 
necessary to give good results.**^ 


Origin of Petroleum 


Appendix 


According to Berthelot, *'rock oils” are products resulting from the 
action of steam and carbon dioxide upon alkali metals, such as sodium. 
Mendeleef^s and Moissan’s hypothesis is referred to as the carbon 
hypothesis. It is believed that petroleum was generated by the action of 
water upon iron carbide and as a result vapors of petroleum and deposits 
of iron ore were formed. This hypothesis is derived from the similarity 
between acetylene and petroleum. The varying composition of crude 
petroleum is accounted for by varying physical conditions (temperature 
and pressure) under which the crude oil was formed. But petroleum 
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crudes are far from having fundamentally the same general composition. 
The organic origin theory to which many scientists subscribe includes 
four modifications; (1) dry distillation of marine animals produced the 
petroleum deposits; (2) vegetable matter has been the basic material; 
(3) distillation of bituminous coal at high temperature caused volcanic 
heats, and petroleum vapors were produced and condensed, leaving 
anthracite as a residue; petroleum deposits may be found, then, either at 
the place of origin, or in a different location; (4) Decomposition of 
organic matter (vegetable or animal) under high pressures and compara- 
tively low temperatures. The latter hypothesis is considered the most 
plausible. 

The composition of oils obtained from various fields is as follows: 

(1) Mid-Continent Field: mixture of paraffin and other less impor- 
tant series of hydrocarbons. 

(2) California: olefin, naphthene, and paraffin hydrocarbons. 

(3) Appalachian Field: paraffin hydrocarbons. 

(4) Wyoming: paraffin hydrocarbons. 

(6) Illinois: mixtures of olefin and paraffin hydrocarbons. 

(6) Mexico: mixtures of all kinds of hydrocarbons. 

Naphthene hydrocarbons, (C„H 2 n) n = 1-15, predominate in Cal- 
if orina, Russian, and Japanese oils. 

Physical Properties of Petroleum Indicating its Source 

Engler*^ states that the most characteristic physical properties 
indicating the locality from which an oil is obtained are refractive index 
and specific gravity. 

Table 6 

Fraction Fraction Fraction Fraction 

/ 140 - 160 " ^ , 190 - 210 ® , , ^ 240 - 260 ® ^ / ^ 290 - 310 ® . 

Sp. Gr. Ref. Ind. Sp. Gr. JEUf. Ind. Sp. Gr. Ref. Ind. Sp. Gr. Ref. Ind. 

Pennsylvania 0.7550 1.422 0.7860 1.439 0.8120 1.454 0.8325 1.463 

Baku 0.7820 1.436 0.8195 1.454 0.8445 1.467 0.8640 1.475 

1. Specific Gravity 

The approximate specific gravities of various American crudes follow: 

Table 7 


Field 

Baum6 

Gravities 

Specific 

Gravities 

Lima, Indiana 

3540 

.8484-.8235 

Illinois 

28-40 

.8860-.8235 

Mid-Continent 

28-40 

.8860-.8235 

Colorado 

30-32 

.8750-.8641 

Gulf 

14-25 

.9722-.9032 

California 

12-30 

.9860-.8760 


The A.P.I. gravity scale is an arbitrary one which is related to the 
specific gravity of a petroleum oil in accordance with the formula: 


®AP.I. = 


141.5 

Sp. Gr. 60760" P 


131A 



examination of emulsions 551 

In volume II of “The Science of Petroleum,” D. W. Gould »»• rives a 
gravity correction table which offers a ready means of converting specific 
gravity into degrees A.P.I. (A.S.T.M., Bureau of Standards, Serial Desig- 
nation D287-37) . 

The specific gravity of most crudes lies between 0.80 and 0.95 (54.4 
and 17.4 ° A.P.I.) 


Table 8. Gravity of Various Classes of Crudes 


Type of Base 

Class of Crude 

Sp. Gr. 
60V60* F 

•A.P.I. 

Paraf^ 


0.781 

49.7 

Parafi^ intermediate 

Oklahoma 

0.820 

392 

Intermediate 

Oklahoma 

0.827 

39.6 

Intermediate naphthene 

Wyoming 

0.964 

152 

Naphthene 

Texas 

0S79 

295 

Naphthene (wax-free) 

Texas 

0.910 

24.0 


Density is weight per unit volume and specific gravity the ratio of 
the weight of an equal volume. Methods used for their determination 
are: (1) pycnometer method based on the direct weighing of a known 
volume of the substance; (2) density balance or Westphal balance method 
based on the loss of weight of a plummet of known volume when immersed 
in the liquid; (3) hydrometer method based on the volume displaced by 
a float of known weight; and (4) submerged float method based upon the 
submerged equilibrium, i.e., floating of a bulb of known density. 

For the petroleum industry in the United States, the definition of 
specific gravity and A.P.I. is as follows: The specific gravity of a petro- 
leum oil and of mixtures of petroleum products with other substances 
is the ratio of the weight of a given volume of the material at a tem- 
perature of 60° F (15.56° C) to the weight of an equal volume of dis- 
tilled water at the same temperature, both weights being corrected for 
the buoyancy of air. In Circular 57 of the U. S. Bureau of Standards 
is described the method of reading a hydrometer. A hydrometer made of 
glass consists of three parts. The upper part, or a graduated scale on 
which readings are taken, the enlargement of the tube containing mercury 
to weight the tube. The scale is graduated to read directly in specific 
gravity or Beaume gravity. The relation of specific gravity readings to 
those of the Beaume scale is given by the following formula* 


Specific gravity at 60* F = 




130* + Baum4 reading 

140* 


Baume gravity = 


Specific gravity at 60* F 


-130 


To obtain the specific gravity of solids, Young’s gravitometer may be 
used. It reads directly in specific gravity without calculation and the 

* Scale adopted by the U. S. Bureau of Standards, Circular No. 57. 
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scale is graduated from 0.85 to 10.0. Young’s gravitometcr may also 
be used to obtain the specific gravity of liquids. The specific gravities 
are on a direct-reading scale. 

Molecular Weight 

The molecular weight of petroleum and its products, depending upon 
the origin, gives variations within broad limits. The determination of 
the molecular weight of lubricating oils is rather significant, since a lubri- 
cating oil with greater molecular weight appears more valuable than an 
equally viscous oil with a smaller molecular weight. V. Dallwitz- 
Wegner established an equation for the wetting power into which the 
molecular weight enters, and arrived at the conclusion that the greater 
the molecular weight of an oil, the greater is its lubricating ability. 
VogeP^® also ascertained that an oil has a flatter viscosity curve the 
larger its molecules, and that in the choice of two oils the one with a flat 
viscosity curve is a better lubricant. 

The specific weight of various petroleum oils depends on their origin. 
The densities of American petroleum oils are the lowest; those of Russia, 
the highest. Commercially, it is of importance that petroleum oils from 
all sources have approximately the same density. The determination of 
density is made by means of a suitable hydrometer. Determinations of 
specific gravity and API gravity are made, using the U. S. Bureau of 
Standards and A.S.T.M. gravity correction tables. 

Refractive Index 

Refractometry is frequently used for the estimation of petroleum 
products. The Zeiss-Pulfrich refractometer or Abb<5 refractometer are 
used. The refractive index of solid paraffins indicates whether the origi- 
nal substance was ozokerite or paraffin or a mixture of the two. When 
tested at 90®, ozokerite shows a refractive index below 15.0, whereas the 
solid parafiSns derived from petroleum will have n = 15-30 (Smelkus 
and Holde and Schiinemann . 

When tested in the solid state, commercial paraffin waxes have a 
refractive index ranging from 1500-1540 at 30-130° F.®® The specific 
dispersion An/d, where An is the difference between the refractive indices 
K and <ci, and D the density at the same temperature, is constant within 
each class of hydrocarbons, but may be used to distinguish between satu- 
rated, unsaturated, and aromatic hydrocarbons. In case of unsaturated 
bonds, the specific dispersion grows with the number of double bonds. 

Darmois found for saturated aliphatic and saturated cyclic hydro- 
carbons n = 155; for unsaturated cyclic and unsaturated aliphatic with 
one double bond, n = 190; and for unsaturated aliphatic hydrocarbons 
with two double bonds, n = 225-230. 

Le Roy,^®® using a Zeiss- Abb6 refractometer at a temperature of 15°, 
found the following values: 
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American oils: 

Table 0 

llufractive Index 


crude 

1.4540 


petroleum ^irit (sp. gr. 0.720) 

1.3995 

Russian oils: 

white burning oil 

1.4430 


crude 

petroleum spirit (sp. gr. 0.720) 
white burning oil 

1.4595 

1.4105 

1.4530 

Roumanian oils: 



crude 

1.4639 


petroleum spirit (sp. gr. 0.720) 

1.4055 


white burning oil 

1.4560 


Oil Tests 

Determination of Color Values 

The color values of oils may serve to check correct processing in 
refining. The color values of oils are determined by comparison in a 
tintometer with standard chromate solutions or colored glasses. In the 
Lovibond tintometer used in the United States, the color values are given 



? 

6 



Use with A.S.T.M. 
Union Colorimeter. 


Fio. 34. 

for oil cells of different length, the short cells being used for dark oils and 
long cells for light-colored oils. Violet tints indicate paraffin-base crudes. 
Oils of low viscosity usually show light colors. Colorimeters are instru- 
ments designed for color determination. The ASTM Union Colorim- 
eter (Union Petroleum Company, Philadelphia) is used for determining 
the color of engine, machinery, and cylinder oils by comparison with 
standard color glasses (Fig. 34). The oil to be tested is placed in a glass 
jar of given dim ensi ons and placed in one of the circular compartments 
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of the colorimeter and in the opposite compartment is introduced a glass 
jar of the same dimensions filled with water- white gasoline or distilled 
water. Standard glasses are placed in the slot of the colorimeter and the 
slide is then closed. The color of the oil is then compared with the 
standard glass. 




Fia. 35. 


Carbon Residue Test 

The kind of oil, as well as the type and condition of the engine in 
which it is used, determine the amount of carbon deposit. For instance, 
in lubrication processes, evaporation, cracking, and subsequent carboniza- 
tion of traces of lubricating oil leaking past the piston rings into the 
cylinder head are not desirable, and an oil producing the least carbon 
deposit must be selected. 
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I^e oil sample is placed in a weighed porcelain crucible which is con- 
tained m a larger Skidmore cast-iron crucible with lid and air vent. The 
latter crucible is placed in a large sheet-iron crucible supported on a 
tripod and surrounded by a shield and chimney. A Meker burner heats 
the apparatus and smoking is observed in approximately 10 minutes. 



Fig. 36. 

A.S.T.M. Stand- 
ard Pensky - Mar- 
tens Tester, 



The oil vapors are ignited and afterwards burned for 63 minutes. The 
residue is weighed, after finally heating for 7 minutes, and the percentage 
of carbon residue is obtained. The residue may be subsequently ignited 
for the determination of the ash content of the oil (Fig. 35) . 

Flash-point Determination 

Although the fiash-point test for oils is not a definite criterion of 
the spontaneous ignition temperature (an oil of high flash point indicates 
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only to a certain extent a good resistance to spontaneous ignition and 
explosion, for instance, in the lubrication of air compressors), it is of 
some value, as there is a relation between the flash point and the nature 
of the original crude oil and manner of refining of the oil. There is an 
increase in the flash point for fractions from the same crude with rise in 
boiling range, specific gravity, and viscosity. The flash point is related 
to the volatility of the oil. 



The Pensky-Martens tester, ASTM Designation D-93-22 (Fig. 36), 
consists of an oil cup supported in a cast-iron bath. The oil-cup cover 
is fitted with a thermometer, a stirrer, and a shutter device. The tem- 
perature is raised at the rate of 10° F per minute; the test fiame is 
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Fiq. 38. Oxidation Bath. 


applied every 2® below 220° F, and every 5° above this temperature. 
For testing lubricants, the open flash point is considered more reliable 
than the closed method. The Pensky-Martens apparatus standardized 
under IPT Serial Designation L.O. has the oil cup cover replaced by a 
simple clip carrying thermometer and test flame. The temperature is raised 
10° F per minute, or until a flash appears on the surface of the oil (open 
flash), and then until the oil vapors burn for 5 seconds (ignition point). 

Determination of Cloud- and Pour Point 

The cloud-point test in dry dark oils indicates the temperature at 
which formation of wax crystals takes place. Verver discussed meth- 
ods used in the determination of cloud points. The lowest temperature 
at which the oil flows under a small stress, produced by tilting the con- 
tainer of the oil, is the pour point. The test-jar surrounded by an air 
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jacket must be maintained at a temperature close to the pour point of the 
particular sample and is examined every 5° F imtil no movement of oil 
is shown when held horizontal for 5 seconds. The temperature 5° F 
above this corresponds to the pour point (Fig. 37) . 

Oxidation Test 

The oxidation number of lubricating oils is determined by the Sligh 
oxidation test (Proceedings ASTM, Vol. 27, p. 461, Part 1 (1927)). 
The apparatus (Figs. 38, 39) is composed of a conical oxidation flask 



— o| I*— A.07>t9«D. 


OIL PIPETTE 

OXIDATION FLASK 

Fiq. 39. 

and an oxidation bath. A sample of 10 grams of oil in a stoppered flask, 
of a design indicated on the figure, from which air is displaced by oxygen, 
is maintained at 200° in an oil bath for 2.5 hoiu^. The number of milli- 
grams of asphaltenes formed, determined by dissolving the oil in petro- 
leum ether and filtering through a Gooch crucible is termed the “oxida- 
tion number” of the oil. 

The oxidation test is of importance because in steam engines and 
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steam turbines lubricating oil may be subjected to high temperatures in 
the presence of air, which causes oxidation of the oil resulting in the 
formation of corrosive acids, as well as in the deposition of sludge, which 
may interfere with lubrication. The oxidation factor in steam-tmbine 
lubrication is especially detrimental where the lubricant must have a 
high degree of demulsification. 

Sulfur Determination 

Sulfur in lubricating oils may be determined by the lamp method, 
ASTM D 90-34T, presented on the figure, or by the bomb method, 
ASTM D 129-34. Which of these two methods is applicable depends 
upon whether or not the oil can be burned completely in a wick lamp. 
The first method is used for the determination of sulfur in oil which, can 
be burned completely in a wick lamp. The apparatus as shown in the 
figure consists of an absorber of chemically-resistant glass, a chimney 
connected with the absorber by a cork stopper, a spray trap connected 
with the absorber also by a cork stopper, and a small lamp consisting 
of an Erlenmeyer flask with a wick tube projected above the cork enter- 
ing the flask. A filter pump supplies continuous suction. For the test, 
about 15 ml of oil are poured into the dry lamp, and 10 ml of sodium 
carbonate solution diluted with 10 ml of distilled water are put in the 
absorber. The chimney and spray trap are rinsed with distilled water. 
Gentle suction is applied to both absorbers; the oil and alcohol lamp 
are lighted, and placed under the chimneys. The suction is adjusted so 
that a steady flame 12-18 mm in height is obtained. The sulfur content 
of the oil is calculated from the following formula: 


Percentage of sulfur: 


Ml of HCl for Ml of HCl for 

blank sample 

Grams of oil burned X 10 


The bomb method, ASTM D129-34, is rapid and accurate. The 
sample (0.6-0.89) is weighed into the sample container, placed in position, 
20 ml of water added to the bomb, and the. latter tightly closed. The 
bomb capacity is 300-500 ml and is made of high nickel-chromium alloys. 
Oxygen is slowly admitted up to a pressure of 25-40 atmospheres. After 
flring and standing 10 minutes, the residual oxygen is released and the 
content of the bomb washed into a beaker. After Altering into a 250-ml 
beaker, 2 mi of concentrated hydrochloric acid and 10 ml of saturated 
barium chloride solution (10-per cent) are added from a flne-tipped 
pipette to the boiling solution while stirring. After boiling for 5 minutes, 
it is allowed to stand hot 1 hour, filtered, and washed until washings are 
free from chloride. Ignited and weighed, the percentage of sulfur is 
determined from the formula: 


Grams of BaS04 X 13.734 

% S = 


Grams of oil used 
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wood, 338 

Chantschkoff’s copper reaction, 78 
Chinawood oil, 322 
Chloranhvdndes, 527 
Chlorhydnm-s, 308, 315. 316 
Chlorides, 186, 249, 328, 533, 534 
Chlorination, 426, 455 
products. 320 

Chlorine, 28, 232, 302, 308, 311, 321. 411, 433 
Chlorobenzene, 169, 228 

Chloroform, 28, 29. 47, 54, 69, 174, 175, 185, 226 
431 

Chlorofiimaric acid, 192 

Chlorosulfonic a^'id. 189, 191, 192, 194 19.5 SP 
313, 317, 320 ’ 

Chlorotolyl ether, 193 
Cholestenn, 233 

Cholesterol. 16. 29, 64, 65, 102, 168 
acetate, 168 
stearate, 168 
Chromium, 295 
green, 411 
yellow, 411 
Chrysene, 2 

Citric acid, 303, 304, 417, 422, 423 
Citron oil, 381 

Clausius -Mosotti equation, 47 
Clay, 29, 80, 154, 173, 176, 202, 210, 264, 286, 294. 
837, 338, 370, 401, 404, 408, 409, 410, 
411, 414, 417, 418, 422, 423, 424, 427, 428 
435, 475 
blue, 398, 429 
china, 383 

colloidal, 308, 403, 415. 416 


Cloud* and pour-point tests, 557, 558 
Coagulation, 8. 48. 50. 51, 52, 175, 271, 300, 339, 
340, 341, 354, 369, 370, 404, 421, 422, 430, 
432, 433, 438. 440, 480 
agent, 400, 433 
mechanical, 162, 253, 382 
of emulsions, 47 
of foams, 131 

Coal, 383 , 412, 413 , 415, 417, 423, 426, 462 
oil, 171 

tars, 12, 171, 177, 179, 187, 190, 196, 197, 250, 
306, 309, 322, 348, 377, 423, 426, 428, 429. 
434, 447, 462, 463, 464, 545 
tar dyes, 78 
Coating test, 440 
Cobalt, 296 
acetate, 296 
formate, 296 
oxalate, 296 
oxide, 296 
tartrate, 296 
Cocounut oil, 194, 302 
Cfid liver ml, 90 

Coellicieni of statu; friction, 4.')0, I.W, 455 
Cochn’s rule, 40, 41 

Cohesion, 14. 73. 128. 136, 138, 139, 142, 143, 150, 
224, 225, 493, 494 
pressure, 452 

Coke. 323 , 326, 330, 383 , 397, 423 , 458, 459 
Collodion, 27 
Colloidal metals, 43, .54 
('olloid-elcctrolvtes, 25 

Colloid mills. 162, 171. 199, 200, 201, 406, 407, 410, 
414, 415, 419, 421, 423 
kinds : 

Charlott, 200 
Hurrell, 200 406 
Premier, 200 
Rex. 201 
types : 
beater. 199 

centnfug.d smooth -surface, 199, 200 
rough -surface, 200 
smooth -sill face, 199 
Colophoniurn, 411 
(yolophon\ , 413, 415. 447 
Compounilcd oils, 446 
Compressibility definition, 456 
of liquids, 456 
te.st, 456 

Condensation, 163, 182, 183, 186. 188, 189, 191, 192, 
193, 194, 299, 301. 303, 313, 315. 318. 319, 320, 
382, 384, 397, 421, 434. 458, 462, 470, 549 
products, 181, 193, 301, 311, 312, 313, 314, 316, 
320 

Conductivity, 9, 26, 253, 295, 348, 356, 357 
Congo red dve, 72, 180 
Conoco germ -process oil, 446 
Conradson’s test, 460, 523, 525 
Contact angle, 81, S2, 104, 4.51* 452. 4.53. .50.5 
Copper, 81, 269, 29.5, 433, 451, 4.55, 4.58, 517, 51 S 
bromide, 424 
chlorule, 518 
chromate, 421 
fluoride, 424 

hvdroxule, 424, 433, 465 
nitrates, 424 
oxide, 253 
pyrites, 124, 138 
salts, 176, 528 

sulfate. 10, 56, 79, 326, 424, 518, 546 
.sulfide, 19 
thiocyanate, 424 
Cork, 294 

Com oil, 303 , 309, 320, 322 

Corrosion, 197, 287, 291, 310, 329, 331, 332, 333, 
411, 424, 4.57, 462, 532 
Cotton, 370, 428. 4.58 

Cottonseed oil, 15, 54, 73, 165, 187, 303, 309, 322. 

414, 422, 447 
Coumarone, 413 

Cracking, 251, 328, 333, 383, 397, 401, 402 , 404, 
462, 465, 554 

Creosote oils, 80, 180, 184, 18.5, 196 , 322 , 325 . 462, 
540 
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Crcsoap (automatic cinulBilicr), 64, 475 
Cresol, 30, 64, 69, 120, 128, 129, 148. 172, 180, 

IS’ i?®' 274, 299, 309, 317, 322, 326, 

4lo, 4^0, 475 
disulfonic acid, 326 
Cresylic acid, 69, 162, 173, 178 
Critical geometrical point, 61 
Crotonic acid, 454 
aldehyde, 304 

Crude oil emulsions, 2, 30, 222, 228, 244, 272. 274 
,?22. 324, 325, 342, 344, 347’, 

348, 353. 374, 375, 378. 386, 404 

20, 65, 154, 190, 211, 212, 265, 266 

.234, 335, 413, 434, 457, 520, 

629, 632, 634, 535, 636, 543, 545 
American, 553 
Argentine, 397 
Arkansas, 332 

Baku, 81, 219, 291, 325, 382, 384 
Bibi-Eibat, 77. 302, 310, 381 
Boryslaw (Kalropny), 221 
Buena Vista, 477 

California, 228, 229, 230, 336 , 337, 352 , 355 , 357. 

365, 384. 397, 548 
Casinalia, 220, 479 
Caspian Sea, 302 
Colorado, 211, 219 
Columbia, 397 
Coyote Hills, 478 
Elklulls, 476, 481, 482 
Galician (Czeinowica), 221, 381, 402 
Grozny, 323 , 381, 528 
Hungarian, 381 
Kanwis, 329, 376, 379 
Kurakawe, 397 
Louisiana, 397 
Mexican, 234, 377, 397, 403 
MichiKan. 330 
Mid -Continent, 548 
Nizhniy-Novgorod, 382 

Oklahoma, 157, 211, 219, 272, 376, 379, 529, 548 

Pennsylvanian. 402 
Roumanian, 380, 402 , 526 , 553 
Russian, 553 

San Joaquin Valiev, 474, 524 
Sakhalin, 397 

Santa Maria, 229, 230, 231, 334 
Ssurachan, 381 

Texas. 157, 211, 219, 260, 274, 330, 376, 397, 463, 
551 

Trinidad, 397 

Tschaleken Island, 302, 528 
Tzaritzin (Kala), 291, 292, 325 
Utah, 219 

Wyoming, 211, 219, 551 
Crystal violet dve, 228 
Curvature method, 496 
Curves, derivative, 59, 483 
differential, 59, 484, 485, 486, 487, 488, 489, 490 
491 

flow, 449 

foam formation-concentintion, 117 
integral, 59, 484, 485, 486, 487, 488, 489, 490 , 491 
Maxwell distribution, 429 
number diptribution, 58, 59, 88, 89, 96, 97, 105, 
480, 483, 486 
pressure-volume, 226 
surface tension -concentration, 122 
viscosity, 552 

viscosity-temperature, 449 

weight- optical distribution, 59, 60, 486, 491, 492 
Cut oil, 220, 221, 260, 263, 285, 289, 357, 361, 364, 
536, 537 

Cutting oils, 8, 9, 445, 463 
Cyclic alcohols, 416 
hydrocaibons, 180, 462, 526, 552 
sulfonic acids, 320 
Cyclo-alkyl sulfonic acid, 185 
alkyl amines, 320 
hexane. 431, 525 

hexanol, 30, 178. 179, 181, 190, 298, 312, 313 
hexanone, 179, 190 
hexene, 312 

hexyl amino salts, 314, 315, 317 


Cyclo-hexyl amino — 2, 3- 'piopanudiol, 315 
hexyl benzene, 186 
olefins, 323 
pentamethylone, 525 
Cylmder oil, 45, 46, 54. 397, 463, 553 
distillates, 67 
Cymene, 308 


D 

Deammization, 171, 174 
Debye’s theory, 520 
Decanaphthenic acid, 527 
Decarboxylation, 308 
Decolorizing agents, 383, 384, 385, 463 
Di^ree of demulsibility, 524 
dispersion, 16, 17, 31, 38, 48, 98, 1C4. 105, 131, 
134, 137, 140, 150, 153, 163, 181, 201. 223, 341, 
375, 401, 404, 431, 438 
emulsification, 165 
hydration, 31, 32 
stability, 105, 130, 222, 530 
Dehydrating agents, 193, 195, 296, 314 , 397 , 545 
Dehydration of emulsions, methods of, centrif- 
ugal. 372-380 
chemical, 270-326 
and heat treatment, 282 
dilution, 328 

ehictric, 267. 300, 338-373, 523 
alternating current, 339, 341, 343, 345, 346. 

347, 351, 355, 358, 359, 369 
direct current, 341, 350, 371 
electro-osmotic, 349 
iMluipinent and pincesscs, 344-373 
mechanism, 338, 339, 340, 341 
pulsating cuirent, 350 
tank method, 368 
hltration, 334-339 
and electric treatment, 370 
freezing, 327, 328 
heat, 222-253 

and centrifuging, 264, 268, 269, 270, 371 
and filtering, 268 

and mechanical treatment, 253-264 
and pressure, 264-269 
and electric treatment, 369 
equipment, 234-253 
indirect heat treatment, 249-253 
with distillation, 246-250 
magnetic, 372 
mechanical, 258-264 
excelsior systems, 258, 259, 260 
water- knockout systems, 258, 260, 261, 262, 
263 

rays, 372 

ultrafiltration, 337, 338 

Dehydration of foaming oils and tars, 147, 149 
DcliN drators, 223, 356 
Cage, 348, 358 
CF, 343, 351, 358 
Cottrell, 342 , 343 , 344, 345 
C. R., 343, 360 
D T. C. R. P 361. 362 
Flow-hne, 362, 363, 364 , 365, 367 
11. C. F P., 359 
H. F., 343, 345, 346, 352 
Metan, 237, 266 
Miniature, 530 
National, 342, 343, 344 
Petreco, 364, 365, 366 
Dehydrogenation, 308, 397 
Dehydroxylation, 300, 301, 313 
Demulsibility of oil, 460, 461, 522 
Demulsification, 219-396, 522 
limits, 523 
tests, 460. 524, 525 
tune, 13 
value, 446, 460 
Demulsifiers, 270-326 
acid and alkali sludge, 323 
acids, bases and salts, 291, 292, 293 
alcohols, 299 
blown oils, 320, 321, 322 
colloids, 297 
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Demulsifiers, commercial, 286, 208 
condensation products of organic corn* 
pounds, 801 
craclced lesidues, 325 
distillation products, 322 
gases, 205-297 

hydroxy-derivatives of organic compounds, 
300, 301 

organic acids, salts, 301-300 
paraffin, wax, etc., 322, 323, 324, 325 
soaps, 207, 298 
solids, 293, 294, 295 
sulfonated compounds, 308-321 
tests, 529, 530 

Density, 143, 166, 270, 354, 356, 371, 373, 500, 541, 
551, 552 

De-oiling of waxes. 108 
Depara£Bnation, 378 
Depolymerization, 101 

Derivative curve construction (S. Dorkman), 
483, 486 

Desalting, 295, 329-835, 365, 386 
dectric, 3^, 334 
heat, 330, 331, 332, 333 
influence of temperature and pressure, 334 
plants, Petreco electromatic, 332, 333 
Desulfurization, 383 

Dextrin. 20, 31, 33. 75, 133, 149, 168, 170, 179, 232 
413 

Dialkylnaphthalene disulfonic acid, 319 
polysulfonate, 314 
Dialysis, 27 

Diamines, acylated, 180 
Diamylaminopropane— 2, 3— diol, 316 
Dicyclopentadiene, 381 
Diarvl ethane, 169 
hydrogen phosphate, 179 
Diatomacenus earth, 294 
silica, 385 

Dicarboxy acid, 306 
Dichlor ethylene. 296 
hydrine, 315, 316 
Dielectric barrier, 349, 350, 354 
characteristics, 351 

constants, 41, 44, 45. 46. 47. 40, 153, 271, 340, 
341, 342, 434. 509, 513, 515, 516, 519, 520, 
521 

of air, 520 

hydrocarbon -cellulose, 521 
petroleum products, 520, 521 
transformer and switch oils, 520 
phase, 197 
properties, 357 
strength, 356, 519. 520 
Diethanolamine, 307 
Diethyl cvclohexylamine, 315 
ether, 538 
sulfide, 312 

Diethylene glycol, 305, 308 

Diffusion, 27, 51, 89. 99, 103, 134, 160, 172, 289, 
325, 327 

Diglyceride, 805 
Diglycerin, 319 
Diglycerol, 185 
Dihexvl ester, 313 
Dihyaro-dioxylene, 174 
oxynaphthalene. 314 

Diisopropylnaphthalene sulfonic acid, 314 
Diluting agents, 189 
Dilution, 96, 144, 178, 274, 480, 545 
Dimethyl aniline, 43, 68, 69, 181 
aniline-benzene, 12 
heptane, 12 
sulfate, 1^ 

Dineric inteifnce, 80, 82, 500, 501 
Diolefins, 384, 404 
Dioxan, 183 

Dioxalyl-triricinolein, 305, 813 
Dioxyhendeccnoic acid, 306 
Dioxyatearic acid, 187 
amide, 303 
Dipentenes, 384 
Diphenyl, 190, 415 
amine, 319 


Dipole, 280, 493, 514 
directed, 49 
effect, 49 
molecules, 49 
moments, 286 
Diricmolein, 306 

Dispersing agents, 8, 180, 183, 185, 233, 409, 426 
Distribution coefficient of emulsifier, 162 
soap, 61, 70 
equilibrium, 70 

Dodecylsulfuric acid ester, 185 
Dodecylene, 308 
Dolomite, 411 
Drop number, 498, 503 
pipette, 502 

weight method, 498, 499, 500 
Dual phenomenon, 404 
Ductility, 435, 436, 440 
Dupr6’s equation, 126 
Dyestuffs, 180, 228, 494 

£ 

Earths, 383, 422, 429, 465 
flonda, 461 

Ebullition, 224, 225 , 226, 227, 228, 269 
Egg-yolk, 168, 175 

Elasticity, 130, 133, 149, 150, 400, 402 
Electric charge, 13, 14. 26, 31, 40-54, 65, 270, 271, 
286, 296, 416, 419, 430. 509 
conductivity, 515, 519, 521, 531 
dispersion, 197 

double-layer, 40, 43, 44, 48, 49, 50. 51. 105, 106, 
107, 136, 509, 513. 514, 515 
Gouy’s diffuse. 42, 43, 509, 510, 514, 515 
Helmholtz, 42, 44, 52, 53, 514, 515 
Stern's, 514 
endosmosis, 41, 45, 47 
pressure, 14 
space charges, 348 

Electrodes, 341, 342, 343, 344. 345. 346, 347, 348, 
349, 350, 352, 353, 357, 358, 359, 369 
antimony, 512 
C. R. type, 352, 361, 362 
glass, 511, 513 
Beckman’s, 513, 533 
Coleman’s, 512 

Haber and Klemensiewicz, 136, 510 
Hellige. 512 
HCF, 859, 362 
HF, 359 
hydrogen, 533 
normal, 511 
platinum black, 533 
quinhydrone, 512, 533 
Electrolysis, 342 
Electrometric titration, 534 
Electronic effect, 44 
Electro-osmosis, 349, 515 
Electrophoresis, 515 
Elektrion process, 462 

Emulsification, 4, 5, 6, 7. 9. 10, 11. 12, 15. 10. 
20, 21, 23, 29, 32. 33, 38, 48, 55, 56, 66, 79. 

80, 81, 84, 85, 98, 99, 100, 103, 104, 107, 148, 

153-219, 299, 379, 386, 405 
eq^uipment, 199-211 
high-pressure^ 203, 204 

with application of centrifugal force, 204, 205, 
206 

mechanism, 153-161, 208 
methods of, 161-168 
processes, 167, 197-199 
values, 460 

Emulsifying agents, 5, 10, 15, 16, 20, 23, 24 , 25, 

26, 27, 28. 29, 30, 33, 36, 38, 42, 48, 53, 54, 

56, 57, 58, 60, 61, 63. 66. 67. 68. 69, 70, 71. 

72, 75, 78, 79. 80, 83, 84, 85. 88, 89, 92, 93, 95, 
96, 97, 98, 101, 103, 104, 105, 107, 130, 153, 
160, 165, 167-198, 401, 525 
colloids, 173-177 
electrolytes, 171-173 
gums, 178 

oils and prepared emulsions, 196-198 
organic compounds, 169, 178-189 
resin soaps, 176 -ira 
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Emulsifying agents, sulfonated products, 189-107 
sulfonic acids and sulfonated oils, 187-189 
Emulsions, alkaline. 275 
artificial, 159, 221. 475 
color, 221, 273 
concentrated, 112 
dual, 68, 69, 107, 173, 174, 1132 
loose and tight, 220, 274, 474 
quasi, 78. 79, 156 
semi -sol id, 220 
stiff, 159, 173, 178, 297, 302 
transparent, 475 
type test, 531, 532 
Emulsor (de Laval), 208 
Energy, 135 

boundary, 138. 151, 493 
free, 139 
kinetic, 99, 128 
mechanical, 166 
potential, 3, 99 
surface, 98, 99, 125, 126 
Eosin, 172 

Equilibrium, dynamic, 58, 129, 134, 140, 150, 151, 
153, 366 

of emulsion, 70, 93, 160 
static (durable), 58, 105, 129, 140, 150 
Esterification, 181, 182, 184, 185, 186. 190, 192, 
194, 290, 301, 303, 305, 306, 312, 318, 319, 320, 
322, 326 

Esters, 29, 117, 169, 172, 180, 183, 185, 186, 188, 
189, 190, 191, 192, 194, 195, 287, 299, 300, 

301, 303, 304, 306, 308, 311, 312, 313, 314, 

318, 319, 321, 327, 407, 410, 455, 521 
Estolides, 321 
Ethane, 369, 413, 428 
Ethanolamine, 321, 463 
Ethereal oils, 381, 382 

Ethers, 6, 30, 132, 171, 181, 182, 184, 185, 186, 187, 
188, 193, 194, 226, 274, 275, 286, 302, 305, 

308, 312, 315, 431, 456, 527, 528. 543 
Ethyl alcohol, 29, 30, 120, 128, 129, 169, 176, 177, 
182, 194 , 226, 233, 300, 309, 320, 326, 329 

415, 426, 431, 533, 546 
acetate, 28. 171, 174, 191, 431 
amine, 123 
dichlorostearate, 455 
ester. 194 
ether, 226, 403 
naphthalene, 326 
propionate, 128 

Ethylene glvcol, 187, 193 , 305 , 306 . 308, 463 
ditolyl ether. 193 
oxide. 301, 315, 316 
Eucalyptus oil, 131 

Evaporation, 142, 144, 147. 150, 223 224, 225, 227, 
229, 232, 386, 450, 486, 544, 554 
Evaporators (multiple-effect), 246, 266, 269 


Fats, 11, 29, 147, 149, 169, 174, 175, 178, 179, 180, 

183, 184, 188, 189, 190, 193, 196, 232, 238, 

268, 292, 301, 309, 310, 410, 411, 412. 413, 

420, 427, 429, 445, 447, 523, 525, 540 

splitting agents. 189 
Fattv acid halides, 183 

acids, 4, 5, 8, 11, 25, 26, 27. 37, 38. 56. 66, 70, 
86, 87, 94, 107, 118, 119. 129, 137, 165, 170, 
171, 175, 176, 177, 178, 179, 180, 181, 183, 

184, 185, 186, 187, 189, 191, 192, 193, 194, 

195. 227, 232, 233, 273, 287, 288, 297. 299. 

300, 301, 302. 303, 304, 306. 309, 310, 312, 

314, 817, 319, 320, 380, 383, 397, 405 , 406. 

407, 408, 409, 412, 414, 416, 420, 427, 428. 

445, 450, 454, 455, 459, 461. 464, 494, 525, 

526, 533, 535 

alcohols, 194 
aldo-fattv acids, 824 
amides of fatty acids, 303, 318 
amino -fatty acid, 302 

hydroxylatS fattv acid, 304 
keto fatty acid, 305, 306 
poly-keto fatty ftcid, 300 
oils, 170, 174, 188 , 322, 408, 428, 447, 449, 451, 
461 


Feldspar, 124, 148 
Fermentation process, 148 
products, 299 
Ferments, 197 

Films, 73, 77, 100, 142, 327, 342, 396, 399 
coherent, 74, 84, 90, 270 

curvature, 93, 95, 96, 97, 101, 104, 106 
elastic, 78 

in emulsions, 74, 80, 84, 90, 91, 92, 93, 94, 95 
in foams. 115, 122, 136, 137, 140 
protective, 78, 270, 272, 285, 286, 292, 405, 406 
thickness of (in emulsions), 85. 86, 87, 88, 89, 
91. 106, 107, 124, 448, 453, 454, 455, 531 
thickness of (in foams), 115, 138, 139, 140, 141, 
143, 144, 145, 146, 150 
Fire extinguishers, 148 

Pish oil, 40, 175, 187, 321, 322, 427, 447, 462, 521 
Flash- and cloud -point tests of oil, 555, 556 
Flaxseed oil, 297, 309 
Flintstone, 370 

Flocculating agents. 52, 81, 97. 286, 294, 400, 401, 
431 

Flocculation, 52, 53, 328, 431 
Floridin, 338, 3^, 446 
Floss silk, 370 

Flotation process, 12, 125, 134, 148. 150 

Fluorene, 2 

Fluorescence, 1, 2 

Fluorme silicate, 421 

Foam, 112-153, 247. 354 

formation, 112, 113, 114, 115, 116, 117, 118, 119, 
120, 121, 122, 124, 130, 131, 133, 134, 147, 148, 
149, 150, 180, 207, 228, 229, 230. 231, 232, 233, 
269, 369 

prevention, 147, 148, 149, 231, 232, 233, 247, 266, 
421, 539, 541, 542 

stability, 128, 129, 130, 131, 132, 133, 134 
Foaming ability, 120, 121, 122, 123, 125, 129, 140, 
149, 227. 233, 528 

agents, 120, 121, 124, 125, 129, 130. 132, 134, 
139, 148, 149, 151, 191, 195, 322, 327 
Forces, adhesion, 4, 92, 126, 225, 334 
adsorption, 451 
affinity, 334, 335, 455 

capillary, 51, 106, 112, 130, 135, 136, 140, 150, 
326, 335, 338 

centrifugal. 145, 147, 373, 374, 375, 376, 377 

centripetal, 147 

chemical, 41, 334 

cohesion, 4. 14. 92, 105, 126, 138 

electrical, 106, 130, 136, 339 

electromagnetic, 140 

electrostatic, 43, 135, 140, 150, 341. 342 
gravitational, 6, 56, 100, 104, 140, 373, 375 
interfacial, 100 
mechanical, 61, 135, 156 
physical, 334 

physico-chemical, 451. 455 
shearing, 84, 201 
van der Waals, 101 

Formaldehyde, 183, 188, 296. 301, 312, 421 
Formates, 296 
Formic acid, 128, 129, 325 
Formalin, 296, 381 
Formolin, 384 
Froth. 125, 134, 150, 163 
formation, 100, 233, 404. 540 
disintegrating tubes, 248 
Fructose, 175, 179 
Fuel, 210 

oil, 171, 324, 382, 422, 447, 535 
Fuller’s earth. 171, 173, 275, 336, 337, 338, 383. 

384, 422, 446, 459, 463, 529 
Fumnric acid, 303, 304 
Furfural. 298, 304. 415, 422. 427, 428 
Furfuraldehvde, 173 
Furfurol, 413 
Fuifuryl, 192 

G 

Galena, 124, 125, 138 
Gallic acid. 174 
Gamboge. 18, 52 , 53, 174, 177 
y-4-biitylphenyl-7-oxybutyric acid, 186 
4-oyclohexylphenyl-'y-oxybutvric acid, 186 
hydroxyquinoline method, 534 
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Garnet, 294 
Gas, 134 
anchors, 158, 263 
emulsion mixture, 354 
generator, 369 
inert, 321. 369 
oil, 67. 263, 323, 447 
tar, 314, 323, 377 

tar emulsions, 156, 256, 267, 274, 377, 420 
Gases, 137, 155, 296, 349, 350, 353, 354, 364, 368, 
369, 370, 371, 404, 427, 458, 462, 473, 475, 
524 

Gasoline, 55, 56. 76, 77, 155, 166, 286, 287, 310, 
326, 375, 379, 402, 404, 431, 447, 520, 539, 545, 
546, 554 

carbon disulAdo, 538 
diethyl ether, 538 
emulsions, 21, 55 
Gauger’s test. 238 
Gauges, bottom-hole pressure, 471 
open type, 473 
vapor-tight, 473 

Gel, 1, 31, 176, 220, 221, 273, 335, 411 
formation, 2, 20, 177 

Gelatin, 11, 20, 21, 22, 28, 29, 31, 32, 33, 36. 38, 
52, 54, 69, 90, 132, 149, 162, 167, 168, 170, 
171, 174, 175, 178, 187, 195, 198, 232, 297. 
326, 378, 406, 411, 456, 531 
Gelatinization, 2, 273, 327, 335 
Gelatoses, 168 

Gibbs’ adsorption layer, 124, 127, 129, 137 
equation, 61, 71. 72, 122 
theory, 5, 76, 77. 122, 123 
Glass, 19, 41, 76, 81, 137, 205, 293, 294. 337 
wool, 137, 370 
Glauber’s salt, 174, 372 
Gliadin, 168 

Glues, 29, 78. 103, 147, 174, 177, 178, 182, 189, 
195, 198, 233, 297, 376, 407, 410, 411 
animal, 232 
bone, 232. 410 
Glutaric acid, 303 
Gluten flour, 413 

Glycerides, 180, 188, 300. 312, 319, 427, 447, 449, 
454 

Glycerin, 7, 13, 15, 69. 117, 175, 177, 179, 182, 

183, 187, 198, 292, 297. 299, 305; 306, 309, 

310, 315, 318, 319, 321, 322, 329, 330, 378, 

463 

chlorhydrine, 303 
dichlorhydnne, 308 
monoxylenyl ether, 194 
ncmoleic acid ester, 191 
sulfo-acid tnamylamine, 318 
Glycerol, 29, 59, 127, 128, 132, 133, 140, 142, 143, 
144, 169, 187, 193, 298, 303, 304, 306, 307, 

308, 313. 315, 416, 546 
Glyceryl esters, 187, 313 
Glycidol, 315, 316 
Glycocholic acid, 421 

Glycol, 128, 132, 169, 179. 184, 185, 312, 315, 316, 
322 

ethylene, 184 

glyceryl stearate (“Glvronde”), 187 
monoaryl, 181 
monochlorhydrme, 184 
monoxylenyl glycol ethers, 184 
Goudron, 311, 425 
Goethite. 253 
Graefe’s method, 543, 544 
Granite dust, 293. 294 
Graphite. 445, 464 
colloidal, 452, 464 
Gravel, 268, 428. 429, 432, 524 
Gravitation constant, 42 

Gravity. 141, 145, 270, 284 . 285, 290, 293, 295, 304, 
308, 344, 368, 375, 376, 386, 436, 536, 537 
chemical -centrifuge, 537 

differential, 223, 284 . 291, 299, 375, 376, 385, 
430 

of crudes, 221, 252, 263, 290, 537 
separation bv, 322, 341, 342, 350 , 356, 372, 378 
specific, 10, 11, 42, 48, 98, 106, 107, 141, 153, 159, 
160, 222, 223, 249, 255, 263, 274. 289. 291, 
293, 309, 373, 374, 377, 378, 423, 435, 475, 


Gravity, specific, {ConVd) 

492, 527, 535 , 536, 540, 544, 545, 547, 550, 
551, 552 

Greases, 221, 447 
cup, 447 

lubricating, 221, 447 
Green acids, 318 
soaps, 413 

Guaiacol, 47. 184, 185 
Gum. 28, 33, 78, 168, 178, 286, 409, 410, 413 
acacia, 31 

arable, 15, 16, 29, 31, 32, 67, 75, 78, 167, 168, 
174, 175, 178, 189 
damar, 29, 168, 177 
rosin, 168 
vegetable, 178 
wheat, 133 
Gypsum, 408 

H 

Hnhdes, 527 
Halogen hydrides, 317 
liydrines, 190, 195, 316 
Halogen ation, 324 
Heat, 160, 376, 480 
adsoibing solutions, 483 

exchangers, 242, 244, 252 , 263, 282, 283 , 285 , 295, 
330, 331, 332. 333, 358, 364, 369. 370, 381 
surfaces, 247, 249, 250, 269 
Heaters, 346 
cast-iron, 243 

coil-type boiler (open, closed), 234 , 235 , 236, 
238 

direct-flame boiler, 234, 245, 268 
high-pressure steam, 234 
gas, 365 

low-pressure steam, 234 
pipe, 234 , 237 
vertical. 245, 246 
Helmholtz' wiuntion, 513 
Hematite, 294, 370 
Hemicellulose, 409 
Hemoglobin, 168 
HendecOToic acid 304, 306 
Aa-Heptadecene, 196 
Heptane, 68, 69 
Heptoic acid, 306 
aldehyde, 313 

Heptyl alcohol, 117, 128, 129 
Heptylic acid, 128, 129 
Heterocyclic amines, 180 
compounds, 179, 301 
Hcxadec^lene, 317 
Hexalm, 183, 187 

Hexamethylenetetramine alkylates, 183 
Hexamethylenetetramine arylates, 183 
Hexane, 431 

Hexanolsulfonic acid, 326 
Hexylene, 384 

Homogenization, 60, 98, 104, 1.53, 162, 163, 201, 
203, 304, 413, 414, 426 

Homogenizers, 161, 182, 168, 195, 198, 201, 410, 
414, 419 

Humic arid, 407, 409, 410, 413, 416, 417, 422, 426, 
462 

Humus sol, 118 

Hydrated colloids, 30, 31, 32, 33, 34 
Hydrates, 104 

Hydration, 17, 26. 31. 32, 33, 34, 70. 88, 103, 
136, 403, 425 
hypothesis. 30 
Hvdrines, 819 
Hvdronroinatics, 189, 190 
Hydrocarbons, 179, 189 
alcohol, 313 
emulsions, 75, 246 
oils, 45, 52, 93, 174, 238 

Hydrochloric acid, 9, 13, 41. 48, 47, 48, 51, 67. 
75, 171, 274, 293, 325, 326, 327, 329, 333, 383, 
408, 511, 527, 532, 542, .560 
Hydrochlorides, 449 
Hydrocinnamic acid, 307, 308 
triisobutyl, 307 
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Hydrogen, 166, 167, 184, 186, 192, 296, 301, 303, 
305, 307, 308, 311, 312, 317, 318, 462, 510, 
518, 543, 548 

ion concentration, 11, 31, 32, 33, 43, 52, 61, 68, 
70, 106, 147, 154, 176, 232, 274, 287, 288, 417, 
418, 419, 421, 422, 423, 424, 433, 463, 504, 
511, 512, 513, 532, 533, 542 
chloride, 326 
fluoride, 326 
number, 511 
peroxide, 330 
sulfate, 311 
sulfide. 275, 206, 329 

Hydiogenation, 185, 186, 189, 233, 299, 309. 463. 
465 

products, 160, 320 
Hydrolyzing agents, 185, 317 
Hydrolysis, 8, 12, 25, 26. 27. 48, 59, 60, 70. 86, 
87, 89, 90, 105, 107, 168, 173, 253, 287, 288. 
300, 305, 311, 320, 323 , 329, 405, 445, 526, 
528 533 

Hydrometer, 536, 537. 551, 552 
Hydrophilic colloids, 27 , 30, 31, 33 , 34 , 69, 74, 
104, 107, 148, 159, 167, 175. 176, 253, 271, 275. 
297 298 414 

Hydrophobic ’colloids, 27. 31, 33, 69, 74, 107, 159, 
167, 168, 176, 253, 271, 297 
Hydrophobization, 26 
Hydroquinone, 30 
Hydro-silicatiis, 384 
Hydroxides, 407 
Hydroxy alkylamides, 184 
anthracene, 314 
ethane, 312 
hendecenoic acid, 304 
nionocvcloaulfo aroma li< gump, 300 
oxyoctadec.*!— 9, 11- diennic mid. 300 
polycyclic conipountl, 314 
quinone method, 534 
stearic acid, 300 
Hydroxylamine 195 
Ilydroxylated acid, 314 
resin, 314 

Hydrotropic aliphatic inunpoundh, 181 
Hyflo-superccl, 385 
Hygroscopic bodies, 159 
Hysteresis phenomenon in oniulstons, 55 


Illuminating oil, 328, 447 aa 

Influence of electrolytes on rmuKKiiis, 64, bu, bo, 
67, 69, 71 

on foams, 130, 131, 150 
Infusorial earth, 337 
Insulating oils, 459, 519 
Interface, liciuid/gah, 175 
hauid/liquid, 22, 28, 68. 84, 90, 104, 163, 17a 
Intcrfacial area, 86 , 87, 88. 89, 93, 97 , 99, 100, 
401 

layer, 12, 16. 19. 65. 66, 75, 76, 81, 84, 87, 88. 
89, 90, 99, 101, 105, 136, 138, 140, 149, 150, 

tensioi, 3, 4. 5. 6. ?. 9. 1^ 11, 1? 19, 20 21. 
30 53 . 60 , 82 , 84 , 90, 92, 93, 103, 104, 105, 
107 126 129, 134, 138. 150, 154, 165, 168, 
170; 174, 187 , 222, 270 , 272, 302. 341, 400, 405. 
409 430, 431, 432, 445, 446, 447, 449, 450, 451, 
458, 493, 494, 531 
tension measurements, 600-604 
viscosity, 15, 19, 22 

of phases, 37, 60, 98, 107. 404 
point, 60, 62, 87, 107 
Iodides, 328, 403 
Iodine. 28. 30, 171, 172, 527 . 532 
value. 458 
lodobenzene, 43 

«, 43. 509 

ijon" «“'2M®"295“296, 337. 433. 455. 403. 549 
acetate, 127 
alum, 534 


Iron, carbide, 649 

chloride. 286, 292, 293. 300, 329, 333 , 430 

hydrosulfide, 29 

hydroxide (colloidal), 50, 173 

nitrate, 286 

ore. 294, 338 

oxides, 171, 176, 286, 329, 338, 383, 398, 408, 411 
pyrites, 81, 294 
salts, 176 

sulfate, 10, 56. 293. 326, 383, 403, 415, 423 
sulfide, 336. 383 
Isoamines, 180 

Isoamyl alcohol, 30, 69, 120, 128, 129, 130, 131, 132. 
143, 234 

Isobutyl alcohol, 13. 69, 128, 129 
Isobutyric acid, 121 
Isocapillarity, 129 
Iso-collouls, 1 

Isoelectric point, 11, 33, 50, 51, 52, 271 
Isohexane, 10 
Isohexyl alfoliol. 307 
Isomerization. 380 
Isomerism, (Ivimmie, 380 
fsoparaffins, 446 

Isopropyl alcoliol, 30, 193, 315, 320 
tnmethylnaplitliyl ammonium iiydioxnle, 193 
Isothionic acid, 191 

K 

Kambara earth, 384 
Kaolin, 19, 338, 427 

Kerosene, 8, 10, 15, 19, 21, 22, 28, 36, 38, 68, 
74. 76, 77, 80, 85, 86, 87, 165, 173, 176, 272, 
298, 302, 309. 310, 314, 321, 323, 330, 336, 
340, 379. 382, 383, 384, 402, 464, 520, 540, 547 
Ketohydroxy-steanc ncid, 300 
Ketom's, 29. 169, 172, 179, 183, 184. 188, 189, 192, 
193, 298, 301. 304, 319, 409, 428 
Kieselguhr, 30. 338, 370, 415 


buctic acid, 127, 128, 305 
Lrfvcto-alcohols, 527 
Lactones, 193, 407, 526 
I-iactose, 299 

Lampblack, 75, 80, 164, 167 

Lanolin, 29, 188, 174, 187 

Lanosyn, 187 

Lard, 447 

Latex, 410, 463, 546 

liaunc acid, 6, 172, 326 , 

Lauryl alcohol, 186, 188, 189, 194, 106 , 312 
pyrimidine bisiilfate, 185 
sulfuric arid r«5ter, 186 
Lavender oil, 381 
Lead. 295, 433 
acetate, 186, 424 
arsenate, 29 
bromide, 424 
carbonate, 19. 412 
chloride 19. 424 
chromate, 424 
glance, 134 
iodide, 424 
nitrate, 424 
oxide, 29, 428 
salts, 186 
sulfate, 29. 424 
sulfide, 428 

Lecithin. 54 168, 174, 175, 318, 523 
soybean, 318 
vegetable. 318 
Lederer’s formula, 68 
Lenard’s fuzzing ofTeet. 135 
Lepidohte, 294 
Lignic acid, 422 
Lignin, 170 
sulfonic acid, 313 
Lignite, 179, 409. 411, 540 
tar, 462 

Lime, 78. 79, 80, 147, 171. 176, 180, 190 , 280, 293 . 
303, 325. 338. 408, 414, 417, 422 , 426 , 
438, 463, 465 , 528 
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Limestone, 408, 433 

Linoleio acid, 185, 288, 301, 407, 450 

Linolenio acid, 169 

Linseed oil. 22, 40. 80. 147, 149, 172, 174 , 232 , 233, 
295, 300, 305. 306, 322, 407, 409, 412, 447, 
451, 521 

Liquefying agents, 411 
Lithium, 328 
oleate, 05. 06 
stearate. 67 

Lubricating oUs, 5, 88, 55, 150, 188, 190, 274, 202. 
300. 823. 324. 338, 340. 878, 880, 883. 384, 
807, 415, 427, 445-466, 507, 520, 523, 525, 533 
adhesion, 455, 450 
capillarity, 447, 449, 450, 451 
compressibility, 456 
demulsihcation, 459, 460 
density, 447 

emulsibility of, 448, 461 
emulsification values, 460 
emulsions. 445, 461-466 
interfacial tension, 449 
molecular weight, 552 
oiliness, 447, 448, 453, 454 
polarity, 455, 456 
sludge formation. 457, 458 
stability. 458, 459 
tensile strength, 456, 457, 458 
viscosity, 447, 449 
wetting ability, 451, 452 
Lubrication, adsorption principles, 451, 452 
boundary. 447, 453, 455, 460, 462, 464 
degree of, 452 
efficiency or value, 452 
mechanism of. 440 
minimum, 453 
steam-turbine. 560 
viscous, 453, 455, 460. 464 
Lubricator. 277. 278, 270, 280, 285 
automatic sight-feed, 283, 284 
down-hole, 277 . 278, 279 
Wce-fe^, 280, 284 
high-pressure, 270 
inverted, 280 
low-pressure, 279 
Lyophilic colloids, 130, 131 
emulsions, 23 
foams, 130, 140, 149 
substances, 130 

Lyophobic foams, 131, 140, 149, 150 
sols, 131, 398 
substances. 130 
Lyotropic effect, 26 
series, 328, 329 

M 

Machine oU. 1. 451, 533, 553 
McKesson’s method, 434 
Magnesite, 383 

Magnesium, 287, 295, 311, 328, 370, 383, 534 
carbonate, 249, 326, 408 

chloride, 249, 291, 312. 326, 328, 329, 333, 533 
hydroxide, 408 

oleate. 21, 29, 58, 61. 68. 69. 96, 298 

oxide. 370 

paJmitate, 68, 69 

resinate. 297, 324 

salts, 171, 173, 192, 403, 405 

silicate, 418 

sulfate, 69, 249. 328, 430 
sulfonate, 180 
Magnetite, 295, 370 
Mahogany acids, 318 
Maleic acid, 302, 303, 304, 308, 319 
anhydride, 319 
Manganese oleate, 296, 324 
Maltose, 299 

Manganese oleate, 296, 324 
oxide, 383 
Mannite. 322 
Mannitol. 185 
Mannose. 176 
Marble, 294 

Mareusson’s method, 434, 438 


Margarine oil, 523 
Mastic suspension, 18 
Masout, 397, 425, 461 
Menthol, 172 
Mercaptans, 465, 533 
Mercury, 166, 167, 449. 450, 456 
emulsions, 49, 166, 167 
foam, 166 
iodide, 81, 176 
sulfate, 449 
vapors, 404 

Metals, 125, 167, 295, 385, 449, 458, 460 
sulfides, 204 
oxides, 527 
Methane, 369 

Methyl alcohol, 29, 30, 169, 177, lOtfi 226, 233, 
300, 322, 326 

amino sulfonic ncids, 182 
cyclohexanol, 312 
dichlorostearate, 455 
ethyl ketone, 10, 30, 304 
hexalin, 69 
isobutyl ketone, 304 
naphthalene, 311 
orange, 72, 309, 532. 533 
propyl ketone, 128 
stearate, 455, 463 
sulfate, 180 
violet, 180 
Methylene blue, 433 
Mica, 137, 418 

Micro-Kjeldahl determinations, 233 
Microprojection equipment (Leitz), 483 
Microscopic examination of emulsions, 105, 220, 
473-493 

dilution effect, 480 
disperse phase, 475 
heat effect, 480, 481 
electric effect, 480, 482 
formation, 475 
ingredients, 480 
type, 480 

Migration number, 519 
velocity, 44, 46, 515-519 
Mineral acids, 29 
matter, 383, 403 

oils, 1. 12, 23, 81, 38, 63, 90, 159, 170, 172, 176, 
177, 178, 179, 183, 184, 185, 186, 187, 190, 

193, 195, 197, 233 , 250, 251, 267, 296, 309. 

311, 318, 323, 327, 345, 355, 370, 381, 405, 

412, 420 , 426, 427, 428, 445, 447, 440, 450, 

4.52, 454, 457, 459, 462, 463, 464, 521, 526, 

531 

Miscibility test, 440 
Mohr's method, 533, 534 
Molasses, 197, 297, 451 

Molecular weight of petroleum and its prod- 
ucts, 552 

Mono-nbietinc, 318 
alkyl amide, 525 

aravl amino propane — 2, 3 — diol, 316 
aivl glycol ether, 181 

butyl -/5-naphthalene sulfonic acid chloride, 819 

biityl-phthalate. 318 

chlorhydrme, 315 

chlorodiphenylene oxide, 455 

cyclic hydrocarbons, 527 

dodecyl ether, 308 

lauryl, 186 

mellissyl glycerol, 186 
olein, 318 

oxyethyl-p-toliicne sulfonamide, 319 
propylated naphthalene sulfonic acid, 326 
stearyl, 186 
glycerol, 185 
glycol, 185 
Montanic acid, 179 
Morphine, 449 
Motor oils, 459 
Myers* demulsibility test, 437 
Myricyl alcohol, 188 
MjTistic acid, 6 
Myristyl alcntiol, 188, 194 
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N 

Naphtha, 55, 196, 308, 881, 398, 447, 540, 543 
emulsions, 77, 81 
solvent, 300, 308, 402, 541 
Naphthalene, 45, 172, 182, 299, 308, 310, 311, 312, 
314, 315, 317, 320, 323, 325, 417, 422, 462 
alkylated, 314 

alkylated-sulfonic acid, 304, 314, 315, 316, 319 

benzylamylbutyl. 169 

ben/.ylbutyltetralm, 169 

bcnzylcyclohexyl, 169 

butylated'sulfonio acid, 314 

nitro, 185 

sulfonamide, 319 

sulfonic acid, 190, 195, 804, 310, 313, 314, 315, 
316, 317, 319, 326 
sulfo-ricinoleate, 814 

Naphthenes, 185, 193, 328, 380, 526, 527, 550, 551 
Naphthenic acids, 6, 67, 77, 78. 154, 169, 177, 185, 

187, 195, 237, 286, 2^, 301, 309, 310, 311, 

314, 318, 320, 323, 324, 327, 328, 379, 380, 

382, 404, 405, 411. 413, 426. 459, 461, 525, 

526, 527, 528. 532 
base crude oil, 810, 465 

hydrocarbons, 188, 297, 302, 303, 304, 379, 447, 
463 

Naphthols, 29. 169, 172. 180, 299, 311, 317, 326 
Naphthyl acetic acid, 308 
amine, 148, 193 
butyrate, 300 
derivatives, 465 
propionate, 300 
Nastjukoff's test, 458 
Natural gas, 298, 303, 327 . 337 , 403 , 428 
Neo-fuchsm, 449 
Neptune blue (R. G.), 439 
Nettel’s method, 542 
Newtoman interference colots, 145, 483 
Nickel. 19, 295, 296, 433 
acetate, 296 
-chromium, 542 
formate, 296 
oxalate, 296 
oxide, 296 
salts, 176 
sulfate, 10 
tartrate, 296 
Nicotine, 185 
Nile blue dye, 532 
Nitrates, 328 
Nitration, 302 

Nitric acid, 127, 182, 327, 463 
Nitriles, 29, 169 

Nitrobenzene, 12, 29, 68, 69, 75, 128, 163, 176 
Nitro -compounds, 169, 193 

Nitrogen, 166, 167, 184, 191, 192, 311, 319, 369, 384, 
404, 458 
bases, 303 

Nonyhc acid, 71. 117, 120, 128, 129 

Noiiy (du) tensiometer, 90, 498 

Nujol, 22, 29, 38, 39, 40, 43, 61, 65, 67, 101, 168 

Nuttal’s test. 458 

O 

Octadeca — 9, 11 — dienoic acid, 300 
Octadecadiene acid, 305 
Octadecyl alcohol, 188 
chlorostearate, 455 
pyridimum bromide, 319 
Octadecylene, 317 

Octane oil, 58. 139, 484, 485, 487, 488, 489. 490, 
533 

emulsions, 15, 58, 59, 88, 484, 485, 487, 488, 489, 
490 

Octohydroanthracene, 310 
Octyl alcohol, 90, 92, 117, 128, 129 
aminoethyldicthylbenzyl ammonium chloride, 
180 

Oil-in-water emulsions, 9, 11, 15, 16, 21, 22, 26, 
27. 29, 30, 33, 34, 35, 36, 37, 46, 50, 52, 58, 
54, 58, 60, 61, 62, 65, 66, 67, 68, 69, 70, 71. 
74. 76. 79, 86, 92, 93, 94, 95, 96, 97, 100, 101, 
104, 106, 107, 153, 162, 167, 168, 170, 171, 173, 
174, 175, 187, 197, 227, 233, 271, 273, 286 , 292, 


Oil -in -water emulsions, CConi*d) 

293, 294, 295, 296, 298, 327, 336, 337, 838, 339. 

354, 378, 396, 403, 404, 405, 408, 412, 419, 423, 

424, 425, 428, 445, 448, 480, 531, 532, 535 

Oil of cloves, 147, 149, 232 

Oleaginous material, 408 

Olefins, 188, 189, 191, 192, 317, 880, 384, 404. 446, 
550 

Oleic acid, 6, 9, 30, 60, 66, 68, 89, 118, 136, 138, 
140, 148, 162, 165, 166, 167, 169, 171, 172, 174, 
175, 177, 179, 181, 190, 192, 195, 227, 228, 
287, 288, 301, 303, 304, 308, 309, 311, 312, 
314, 318, 404, 407, 409, 412, 414, 417, 418, 423, 
446, 447, 451, 454, 533 
ethylanilide, 320 
hydrogen sulfate, 287 
propyl gl>col esters, 190 
Olem, 303, 419, 447 
Oleosolf 397 

Oleophilic colloids, 27, 452 
Oleum. 180, 194 , 407 
Oleyl alcohol, 102 
hydroxysteanc acid, 287 
Ohbanum (frankincense), 177 
Olive oil, 11, 12, 15, 22, 33, 36, 37, 38, 67, 73, 74, 
90, 127, 174, 297. 308, 309, 480 
Optical absorption coefficient, 59, 486, 491, 492 
Optimum voltage in resolution of emulsions, 340 
Ores, 125, 132, 148 
Organic acids, 5. 275 

Orientation theory (Harkins -Langmuir), 90-102, 
106, 108, 136, 138, 139, 140, 151 
Oriented wedge theory (Harkins), 57, 87, 94, 95. 
96, 97, 98, 99 

Osmotic compressibility, 57 
pressure, 57 
Oxalates, 296 

Oxalic acid, 67, 303, 305, 319, 321 
anhydride, 319 
Oxalylamines, 182 

Oxidation, 233, 300, 305. 306, 309, 320, 321, 322, 
369, 397, 404, 405, 408, 425 , 426, 447, 458, 459. 
461, 463, 520, 525, 526, 527 
number of oils, 558 
of oils, 521 

products, 194, 296, 303, 321, 324, 308, 407 
tost, 558 
Oxides, 125, 296 
Oxy-acids, 190, 405 
alkylalkylamine, 316 
alkyldialkvlamine, 316 
amines, 180, 188 
benzene sulfo-acids, 318 
compounds, 320 
ethane sulfonate, 308 
ethyltoluenesulfonamidc, 318 
fatty acid amides, 303 
fatty acids, 177, 181, 192, 303, 306, 319 
hendecadieiic acid, 305 
hendecenoic acid, 305, 306 
lignin, 179 

octadecadiene acid, 305, 306 
ncinoleic acid amide, 303 
stearic acid, 309 
amide, 303 
stearin, 180 
sulfonic acid, 317 

Oxygen, 139, 166, 167, 300, 308, 329, 381, 382, 397, 
405, 458, 459, 526, 558, 560 
Ozokerite, 302, 528, 552 

P 

Packing effect, 108, 399 
of molecules, 93 
of sphpr»>a (Thomas), 35 
Palm oil, 194, 447 
Palmitic acid, 85, 169, 301, 450, 454 
Palmityl alcohol, 196 
phenol, 318 
p-amidophenol, 30 
cresol, 450 
dichlorobonzene, 185 
fommldehvde, 188, 296 
nitrophenol, 30 
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Paraffin, 154, 159. 161, 178. 182, 187, 191, 194, 232, 
m, 298, 324, 334, 384, 402, 419, 422, 463. 
464, 465, 480, 531, 552 
base, 219, 286, 446, 465 
(»nulsions, 18, 23, 38, 80, 173, 175 
oil, 1, 6, 9, 10, 11. 19, 21, 24, 38, 45. 47. 49 52, 
54, 56, 66, 67,. 74. 79, 89, 148, 172, 173, 175, 
185, 286, 378, 451, 462, 520, 547, 549 
wax, 325, 326, 461, 526. 527, 552 
Paraffins, 55, 182, 188, 189, 190, 219, 327, 338, 384, 
385, 397, 402, 405, 493, 527, 550, 552 
Paraldeliyde, 128 
Peanut olI, 147, 149, 232, 447 
Peat, 413, 423 
Pectins, 175, 179, 190, 409 
Pendant drops, 503, 531 
Penetrometer, 436 

Pensky-Martens tester, 555, 556, 557 

Peptisation, 27, 74, 131. 384 

Peptiaing agents. 131, 140, 400, 401, 431 

Peptones, 84. 122, 124, 168 

Perchlorethylene, 818 

Peroxides, 521 

Perrm’s law, 374, 437 

Petrol acid, 302, 303 

Petrolatum, 12 

Petrolenee, 398 

Petroleum, 28, 30. 147, 149, 170, 172, 173, 175, 232, 
239, 244, 246, 297, 299 , 336, 347, 350, 370, 380, 

412, 421, 451, 524, 525, 526. 528, 532, 540, 

547, 549 

coke, 80 

crudes composition, 550 

distillates, 1, 10, 97. 187, 190, 320, 379, 380, 381, 
383, 404. 411, 415 

emulsions, 39, 69, 75. 76. 79. 154, 168, 220, 221, 
223, 233, 238, 250, 257, 258, 264, 266, 267, 

272, 273, 274. 277, 283, 292, 293, 294, 295, 

296, 297, 298, 299. 300, 301. 302, 303. 304, 

305, 306, 307, 308, 309, 310, 311, 312, 313, 

314, 315, 316. 317, 318, 320 . 321, 322, 323, 

324, 336, 337, 338, 345, 347, 348, 350, 351, 354, 
355, 356, 366, 368, 370. 371, 372, 375, 475, 

528 542 

ether, 180, 410, 415, 535, 538 
maltha, 408 

oils, 6, 402, 427, 445, 475, 526, 527 
origin theories, 549, 550 
Berl’s, 398 
Mendeleef’s, 549 
Moissan’s, 549 
organic, 550 
products, 325, 520 , 547 
residues, 404, 411 
resins, 6, 273 
soap.s, 275 

spirit, 78, 338, 384. 459. 553 
sulfonates, 286, 326 
sulfonic acid, 310, 314, 319 
tar, 168, 171, 265 

Pharmaceutical emulsions, 13, 21, 32 
Phase-volume relationship, 70 
Phenanthrene, 311, 325 
Phenanthryl capronate, 300 
derivatives, 465 
Phenetol, 43 

Phenol. 29, 30, 78, 169, 174, 177, 180, 181, 182, 

183, 392. 196, 272, 274, 297, 298, 299, 301, 

303, 311, 312, 314, 317, 318, 322, 326, 382, 

413, 421. 428, 535, 536, 543 
aldehyde, 312, 315 
halogenated, 179 

hydrated, 178 
stearic acid, 300 
valeric acid, 308 
Phenolates, 382 
Phenolic acid, 532 
oil, 177 

Phenolphthalein, 533 
Phenones, 192 

Phenyl acetic acid, 307 , 308 
alk^lamines, 315 
amine, 428 
cresyl, 465 

formol (formolito), 381 


Phenyl, hexaline, 69 
mustard oil, 43 
oxide, 447 
valeric acid, 308 
Phosgene, 192 
Phosgemte, 294 
Phosphates, 531 
Phosphatidene, 318 
PhosphMiium radical, 307 

Phosphoric acid, 171, 180, 189, 191, 195, 197, 317, 
381, 410, 413 
Phosphorus, 321, 527 
bromide, 526 
chloride, 191, 195 
oxychloride, 191 

pentachloride, 191, 318, 322, 525 
pentoxide, 191 

Photomicrographs, 74 , 375, 438 
of crude oil emulsions, 474, 476, 477, 478, 479, 
481, 482 

Phthalic acid, 299, 303, 305, 319 
anhydride, 299, 302, 303, 306 , 307, 308, 311, 313, 
318, 319 

Phthalyl mono-olem, 304 
ricinoleic acid, 312 
Picric acid, 449 
Pimelio acid, 306 
Pine abietinic acid, 410 
Pinene, 384 

Pine oU, 233, 304 , 309, 313, 327 , 381 
Piperidine, 302, 316, 321 

Pitch, 172, 173, 177, 178, 407, 408, 410, 412, 414, 
415, 424, 426, 429, 432, 451 
cottonseed oil, 422 
fatty acid, 416 
petroleum, 451 
stearin, 414, 422 
Plaster of Paris, 79, 176, 371 
Plateau’s rule, 114, 116 
Poiseuille’s law, 140 
Polar agents, 169, 286 

compounds, 29. 91, 178, 187, 286, 445, 455, 521, 

544 

groups, 26, 65, 92, 93, 94, 95. 96, 126, 137, 140, 
168, 169. 455, 456, 460 

molecules, 53, 85, 90, 91, 96, 97, 98, 101, 121, 
286, 339, 455, 514, 521 
moment, 178 

Polarity, 12, 53, 85, 96, 175, 287, 493, 520 
of asphalts, 520 
lubricants, 455 
oxidized hydrocarbons, 520 
resins, 520 

unsaturated hydrocarbons, 520 
Polarized light, 4^ 

Polarization, 483 
effect, 483 
microscope, 480 
of the dielectric, 49, 340 
Poly-acnlic acid, 181 
hydne alcohols, 186, 195, 299, 306 , 312 
hydroxy alkyl, 301 
hydroxy amine, 301 
keto acids, 305 
naphthenes, 526 
naphthenic acids, 527 
ricmoleic acid, 305 
ricinoleic acid amide, 182, 303 
arylide, 182 
saccharides, 409 
silicic acid, 416 
styrene, 191 
terpenes, 384 

valent alcohols, 29, 180, 181, 182, 303, 315, 316, 
318 

vinyl acetate, 186 
vinyl alcohol, 186 

Polymerization, 186, 187, 188, 197, 309, 322, 377, 
380, 381, 383, 384, 397, 404, 431, 447, 458, 
462, 526. 

Porphyry, 433 
Potash, 308, 405, 412, 438 
Potassium, 311, 328, 409 

carbonate, 9. 47, 131. 170, 383, 409, 412, 414, 4C2 
chaulmoograte, 97 
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Potassium, chloride, 9, 46, 47, 48, 50, 51, 292, 383, 
430, 510 

chromate, 414, 415, 533 
citrate, 131 
eolophane, 127, 144 
ferrooyacuide, 46, 47 
fluoride, 414 
fluosilicate, 414 

hydroxide, 172 , 292, 308, 312, 883, 404 , 407, 409. 

410, 411, 413, 414, 417, 425, 441 
iodide, 172 
nitrate, 127, 144, 534 
oleate, 66, 78, 95, 96, 297, 404, 410 
palmitate, 57, 66, 69, 86, 97 
permanganate, 534 
rosinate, 422 
salts, 403 
stearate, 66, 86 
sulfonaphthenate, 297 
sulfonate, 189 
tartrate, 383 
thiocyanate, 534 
Potential, 142, 356, 433 
contact (thermodynamic), 101, 106, 510 
critical, 9, 50, 51, 52, 106, 271 
difference, 43 , 44, 45, 46, 48, 49 , 50, 51. 52, 106. 

136, 271, 339, 340, 4.57, 510, 511, 512, 515 
electrokinetic, 45, 46, 50, 53, 135, 509, 510. 513, 
514, 515 

electrostatic, 45 

gradient, 340, 341. 3.50, 354, 509, 515 
interfacial, 135, 509 
mechanism by which set up, 509 
streaming, 45, 85, 135 , 513, 515 
Pour point, 448 
Pressure- volume relations, 226 
Priming or puking of oil, 224 , 225 
Product integraph, 491 

Production ability of petroleum drilling, 325, 326, 
327 

Propane, 397, 413, 428 
Propionates, 27 

Propionic acid, 41, 128, 129, 325 
Propyl alcohol, 30, 128, 129, 169, 182, 303 , 308, 

322, 326 

Propylene oxide, 301 
Protective action, 107, 132, 222, 228 
colloids, 16, 52, 78, 129, 130, 131, 132, 150, 170, 
172, 188, 192, 197, 273, 297, 328, 398, 410. 

411, 412, 414, 418, 427 
number 132 

Proteins, 42, 73, 79, 136, 149, 168, 169, 170, 171, 

174, 175, 193, 196, 232, 405, 407, 409, 416, 

494, 515 

Pumice, 205 , 337, 438 
Pumps, 154, 155, 158, 159, 348 
belt-driven, 277 
centrifugal, 344, 433 
chemical proportioning, 277, 278 
electrically driven, 277 
high-pressure, 203 
positive displacement, 344 
ratchet-driven, 277 
reciprocating steam, 344 
rotary, 344 
Pyhala's tests, 528 
Pyrene, 2 

Pyridine, 80, 176, 179, 180, 181, 303, 319. 320 , 382, 
431, 542, 546 
Pyrimidine, 185 
Pvrite, 295 , 337 , 433 
Pyrophosphonc acid, 182 
Pyrosulfunc acid, 312 


Quartz, 124, 125, 148, 166 , 294, 295, 337, 370 . 385, 
515 

Quillaia bark, 29 
Quinine, 136 
Ouininic acid, 73 
Quinoline, 131, 179, 180, 320 


Rape oU, 80, 320, 322, 447 
Rayleigh’s formula, 496 
Red engine oil, 173 
Red oil (2900), 10, 415 
Re-centrifugmg, 376, 386 

Re-emulsilication, 207, 254, 281, 294, 304, 335 , 344, 
355 

Refining processes, 379-387, 533 
with acids, 379, 380, 381, 383 
adsorbents, 3^. 3^ 
alkalies, 379, 381, 382 
electrolytes, 383 
metals, 385 

organic substances, 383 
oxidation, 383 
salts, 382 

Refractive index, 475, 520, 527 , 5.50, 552 
of minerals, 480 
oils, 4^, 553 
solid parnflins, .5.52 
Refractivity (specific), 527 
Refiactomctcrs, 552 
Removal law (Michaclis, Rona), 132 
Resinates, 168 

Resins, 28, 30, 76, 77, 148, 172. 174. 175, 176, 177. 
179, 185, 190, 297, 301, 309, 326 , 376, 378, 379, 
381, 402, 403, 405 , 407 . 410, 411, 413, 415, 417, 
420, 422, 425, 427, 429, 432 , 459, 464, 520, 
540 

acids, 177, 193, 303, 323, 409, 410 
Resorcinol, 29, 169 
Hicinoleate, 288 

Ricinoleic acid, 187, 300, 303, 304, 305, 306, 30<. 
308, 312, 313 
amide, 303 
ester, 180 

Ricmoleyl, 301, 318 
phthafate, 301, 313 
Ring method, 53, 407 
Rock oils, 549 
Roily oil, 220, 297 
Rosenthal's reaction, 527 
Rosin, 29, 232, 404, 413, 422 
acid, 301, 415 
oil, 404 

Rubidium, 328 
oleate, 95, 96 
Rubber, 432, 4.56, 463 
latex emulsions, 54, 418 
vulcanized, 403 


Saccharides, 411 
Salicylic acid, 181, 449 

Saiting-mit, 6, 26, 28, 197 , 328, 329, 379, 380 , 408 
Salt tests, calcium and magnesium, 534 
chlorides, 533, 534 , 535 
sulfates, 534 

Samplers, bombs, 469, 470 
bottle, 468, 469 
copper tube, 469, 470 
piston-controlled, 472, 473 
pressure -controlled, 469, 472, 473 
sudden admission, 472, 473 
thief, 470, 471 
trap-bailer, 469 

Sampling of wnulsions, 468-474 
bottom-hole, 471 

bottom -hole pressure, 471, <72, 473 
Sand, 32, 148. 154, 155, 220, 221, 225, 263, 282, 293, 

294 , 297, 303 , 330, 370, 371, 402, 404 , 411, 420, 

421, 429, 430, 524, 528, 529, 547 
Saponification, 170, 177 , 182, 186, 189, 197, 298, 
301, 314, 320, 382, 407, 408, 412, 414, 415, 417, 
533 

Saponifying agents, 182, 414, 428 
Saponin, 15 , 22, 29 , 72, 73 . 74 , 78, 84 , 90, 118, 121, 

122, 124, 127, 130, 132, 133, 138, 144, 146, 148. 

168, 174, 175, 297, 410, 411 

Sbvonade (Hexalin soap), 177 
Scarlet red dye, 532 
Sebacic acid, 304, 306 
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Sebazinio acid. 303 
Self-cooling effect, 147. 230. 231 
Separators, 236. 249. 255. 256. 258. 285 
capillary. 267 

centrifugal, 372, 376, 377, 378 
de Laval, 372, 377 
electro-ccntrifugal, 378 
gas, 262, 263, 281. 330, 364, 365 
gun -barrel, 239 
high pressure, 267 
magnetic. 372 
Serpentine, 433 
Settling test, 436, 437 
Shale oil. 415, 447, 545 
distillates, 187 
Shark -liver oil, 191 
Sieve test, 440 

Silica, 52, 66, 79, 81, 176, 286, 384, 385. 408 
gel, 383, 385, 418 
Silicates, 183, 295, 411, 422 
Silicic acid, 416 
sol, 78 

Silicon oxide, 176, 408, 410 
oxide gel, 433 
Silver, 433, 517 
chromate, 533 
nitrate. 424, 518, 533, 534 
salt, 528 
sulfate, 424 

Size frequency analysis, 18, 107, 299, 483, 492 
Slate. 338 
flour, 427 

Sludge, 16, 147, 172, 187, 188, 190. 197, 220, 232. 
272, 291, 292, 298, 303, 308, 310, 323, .325, 
335, 356, 371. 375, 404, 408, 410, 415, 425, 458. 
463, 465, 560 

Sludging phenomenon, 366, 430 
Smectic state of soaps, 25 

Soaps, 2. 7, 8, 18, 25, 26, 29. 30, 34 , 36. 37. 54, 
62, 66, 67, 70. 78, 85, 86, 87, 92, 93, 95, 100, 
107, 115, 124, 127, 132, 133, 136, 141, 142, 145, 

146, 148, 159, 161, 165, 166, 167, 168, 170, 171, 

172, 174, 177, 178, 180, 181, 183, 184, 187, 189, 

193, 195, 197, 210, 221, 228, 271, 273, 274, 275, 

286, 287, 292, 298, 302, 303, 323, 326, 376 . 379, 

382, 399, 401, 405, 406, 407, 408, 409, 410, 413, 

414, 415 , 417, 418, 420, 421, 422, 423 , 424 , 425, 

426, 428, 430, 432, 434, 437, 445, 454, 459. 462, 

465, 492, 494, 528, 531, 533, 540 
acid, 159 

alkali. 26. 57, 70. 97, 406, 428, 464 
alkali metal, 96 

alkaline earths, 29, 97, 273, 288 
aluminum, 29, 95, 97 
ammonium, 159, 298 
ammonium resin, 423 
calcium, 71, 273, 371 
cesium, 57, 58, 96. 97, 437, 463 
fatty acid, 382, 405, 535 
green acid, 413 
heavy-metal, 95 
iron, 29 

magnesium. 371 
Marseille, 127, 144 
naphtha, 376 

naphthenic acid, 28, 76, 77, 178, 298, 303, 461, 
528 

oleic acid, 85 
olein, 165 
palmitic, 85 
paraffin, 160 

potassium, 25, 29, 57, 58. 78, 94, 97, 185, 187, 
410, 417, 463 

resin, 144. 165, 167, 174, 177, 196, 410, 413, 414, 
417, 421 

ricinoleic acid, 165 
rosin, 404, 415, 422 

sodium, 25, 26. 57, 58, 67. 71, 94 , 96, 171, 298, 
417 

stearic, 85 
sulfo. 298 
sulfonic, 187 
zinc, 29, 95 


Soda (oau8tio)» 88, 72, 170, 174, 188, 189. 275, 286, 
292, 295, 808, 330, 405. 528, 531, 533, 549 
Sodium, 6, 293, 308, 311, 828, 879, 543, 548, 549 
acetate, 172, 292, 329, 830, 463 
aluminate, 433 
bicarbonate, 286 
caproate, 8 
caprylate, 5, 8, 27 

carbonate, 7, 127, 144, 175, 249, 291, 292, 324, 
383, 408, 409, 412, 426, 427, 433, 462 
cetyl sulfate, 64, 65, 102 
cetyl sulfonate, 68 

chloride, 6, 67, 71, 165, 171, 172, 249, 286, 292, 
297, 303, 310, 323, 326, 833, 403, 408, 413, 416, 
422, 430, 461, 534, 544 
cholate, 118 
chromate, 415, 417 
cresolate, 433 
dicresylphosphate, 179 
ditolylphosphate, 179 
ethyl oleate, 327 
fcrrocyanide. 299 
glycerin sulfonate, 318 
glycocholate, 72. 90, 122, 449 
hydroxide, 6, 46, 59, 60, 63. 66, 67, 80, 86, 89. 
90, 165, 170, 172, 173, 174, 176, 177, 182, 183, 
188, 197, 291, 292, 293. 303, 308, 312, 317, 
323, 324 , 329, 381, 383, 404, 407, 408, 409, 411. 
413, 414, 415, 417, 418, 420, 422, 423, 428. 429, 
430, 433. 461. 463, 511, 527, 542 
iodide, 28 
isoathionate, 318 

isopropyl -i3- naphthyl sulfate, 295 

laurate, 8, 27 

lauryl sulfate, 12 

lysalbonatc, 13 

naphthenate, 528 

nitrate, SO, 176 

nitrite, 463 

oleate, 6, 8, 15. 18, 21, 22. 23, 26, 29. 30. 36. 
38, 39, 48. 54, 58, 59, 60, 61, 62, 63, 64, 66, 
67, 68, 69, 72, 77, 86, 88, 89, 90, 95, 96. 
97, 98, 102, 124, 163, 166. 287, 297, 298, 440, 
484, 485, 487, 488, 489, 490, 401, 531, 533 
ortho-vanadate, 300 
oxalate, 415 
oxyethansulfonate, 308 
palmitate, 7, 27, 57, 66, 97 
perborate, 330 
peroxide, 330 

phosphate, 166 299, 408, 409, 412, 413, 414, 415, 
417, 421, 423 
plumbate, 433 
potassium alloy, 548 
protalbinate, 13 
resinate, 29, 177. 297, 298, 378 
salicylate, 184, 185 
salts, 313, 409 

silicate, 166, 297, 298, 407, 413, 417 
stearate, 7, 27, 66. 73, 531 
sulfate, 67, 190. 249. 275, 286, 292, 297, 305, 328, 
403, 413, 433, 533 
sulfide, 415 

sulfite, 408, 415, 417, 420, 528 
sulfobenzylricinoleate, 311 
sulfonate, 189, 311 
tetraborate, 463 
thiosulfate, 415 
zincate, 433 

Softening point, 435, 439 
Solar oils (Baku), 382 
distillate, 10 

Solid/liquid interface, 7, 506 
Solids, 7, 10, 19. 20, 32, 33 , 55, 62, 66, 73, 74, 75, 

78, 79, 80. 81, 83, 84. 103, 104, 125, 126, 130, 

133, 134, 136, 138, 139, 148, 150, 155, 205, 254, 

294, 370, 406, 413, 453, 455, 464, 533, 534, 535, 

551 

Solubility, 7, 11, 12, 14, 61, 70, 78, 91, 117, 118, 
120, 121, 127, 149, 187, 270, 272, 274, 275 . 287. 
328, 400, 406, 431. 435, 536, 541, 548, 540 
colloidal and molecular, 1, 2, 24, 25, 96, 103, 104, 
119, 123, 127, 130, 133, 149, 167 
in emulsions, 23-31 
foams, 121, 122, 123, 124, 125 
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Solubility, of water in 
benzene, 647, 648 
gasoline, 647, 648 
hydrocarbons, 647 
Solvated colloids, 29 
Solvation, 26 

Solvents, 96, 121, 134, 178, 179, 182, 183, 184, 188, 
190, 191, 192, 286, 296, 297, 308, 312, 316, 
381, 382. 386, 386, 401, 402, 406, 411, 412, 413, 
420, 422, 427, 428, 429, 634, 636, 638, 639, 
642, 646, 646 
Soot, 80, 176 
Sorbite, 322 
Sorbitol, 185 
Soybean flour, 182, 413 
oil, 322, 409, 447, 462 
Sperm oil, 410 
Spermacetic oil, 318 
Spindle oil, 76, 77, 197 

Spreading, 115, 120, 121, 123, 124, 126, 128, 137, 
139, 228, 419, 621, 632 
ability, 104, 126 

coefficient, 4, 83, 104, 120, 126, 432 
tension measurcroents, 604 
Stability, 136, 431, 458, 465 
of emulsions, 9, 11, 12, 13, 14, 16, 17, 22, 32, 33, 
38, 39, 42, 60. 61, 52, 53, 56. 58. 59. 68, 72, 
74, 88, 93. 96. 97, 98. 100, 101, 105, 106, 107, 
153, 166, 168, 172, 175, 178, 222, 270, 271, 273, 

274 , 286, 322, 328, 336, 364, 375, 376. 378, 400, 

401, 405. 406, 410, 411, 413, 415, 416, 417, 419, 

423, 424 , 425, 429, 432 , 433, 436, 462, 480, 484. 

485, 486, 487. 488. 489. 490, 491, 523 , 530, 531 

measurement (Berkman*s method), 58, 59, 486 
of foams. 124, 128, 129, 130, 131, 132, 133 134, 
135, 136, 137. 138, 139, 140 
Stabilization. 3, 13, 15, 23, 24 . 30, 41, 48, 50 , 65, 
68, 74. 75, 70, 81, 82, 96. 97, 08, 103, 106, 107, 
129, 132, 133, 134, 136, 150, 166, 170, 173, 174, 

221. 271, 277, 339, 376, 405, 407, 408, 421, 422, 

425. 426, 433, 531, 545 

Stabilizing agents. 22, 52, 61, 75, 78, 97. 100, 101, 

105, 106, 125, 134, 137, 138, 130, 148, 150, 151, 

166, 170, 171, 179, 182, 186, 188, 221, 286, 288. 

295, 302, 303 , 401, 406 , 410, 413, 414, 417, 418, 

420, 426, 428, 429, 528 
Standard siloed, 385 

Stanolax (heavy paraffin oil), 15, 58, 59, 68, 88, 
480, 491, 533 
emulsions, 15, 401 
Stanolind, 40, 43 

Starches. 20, 29. 33, 78, 103, 168, 172, 174, 286, 297, 
298, 301, 326, 376, 406, 409, 411, 412, 413, 423 
Stearate foam, 232 
sol. 232 

Stearic acid. 30. 169, 180. 183, 184 , 227 , 233, 301, 
303, 314. 410, 450, 455. 543 
amide of, 178 
chloride of, 102 

oxyethylamide sulfuric acid ester, 183 
Stearins, 176 
Stearolactone, 297 311 
Stearyl alcohol, 318 
Stem’s equation, 514 
Stokes’ equation, 18, 43, 373, 374, 430 
Stretching phenomena of liquals, 227 
Strontium, 328 
oleate, 298 
Stvrene, 169. 181 
Suberic acid. 806 
Succinic acia,»302, 303, 304 
anhydride, 186 
Sucrose. 19, 28, 29 175 
Sudan III dye, 532 
Sugar, 20, 28, 117, 128, 169, 178 
Sulfamides. 184 
Sulfates, 125, 249. 328 
Sulfides, 125, 533 
SuK’te, 177, 313, 426 
Sulfo-acetic acid, 181, 194 
acid. 295, 305, 810, 311, 313, 318, 380, 381, 382, 
411 

amino acids, 193, 194 
aryl esters, 311 
carboxylic amide, 320 


Sulfo-ohlorides, 184, 318 
compounds, 303, 319, 533 
cyanide, 328 
fatty acid, 303, 320, 321 
hendccenoic acid, 311 

octadecyl toluene monosulfonic acid, 195 
oleic acid, 309, 311 
oxyanthracene resinate, 314 
palmitic acid, 182 
sucoimo acid, 313 

Sulfonation, 174, 180, 181, 182, 187, 188, 189, 190, 
191, 192, 193, 194, 196, 299, 309, 310, 311, 314, 
815, 317, 318, 320, 324, 380, 397, 407, 546 
Sulfonat^ alkyl naphthalenes, 178 
amines, 315 
anhydride, 312 

aromatic compounds, 314, 404 
benzyl butyl naphthalene, 169 
carbazol, 192 
castor oil, 309, 313, 326 
fats, 181, 189 

fatty acids, 181, 189, 302, 313, 405, 445 
mineral oils, 314 

Oils, 167, 168. 172, 181. 187, 188, 189, 190, 193. 

195, 233, 302, 308, 309, 327, 404, 426, 459 
oleic acid, 305, 326 
oleophenone, 192 
palmitic acid, 29 

phenolforroaldehyde products, 190 
phenol oxy methylene, 312 
phenylbutyl naphthalene, 169 
polycyclic aromatic compounds, 314 
products, 185, 188, 189, 192, 193, 194, 233, 288, 

301, 309, 313, 317, 318, 320, 327, 406, 408 
soaps 308 
stearic acid, 29 

Sulfonating agents, 184, 188, 190, 191, 193, 312, 

316, 317, 415 

Sulfonic acid, 28. 29, 168, 169, 172, 174, 181, 182, 
183, 185, 187, 188, 189, 190, 191, 192, 193, 

195, 196, 297, 299, 309, 310, 311, 312, 315, 

318, 319, 320, 327, 328, 411, 415, 419, 461, 463 
amino oxysdlQrl-oxyaryl, 192 
imino oxyalkyl-oxyaryl, 192 
oleo, 287 

Sulfur, 321, 336, 379, 381, 384, 385, 427, 459, 463 
compounds, 384, 461 
content of oil, 560 
determination in oil, 559, 560 
dioxide, 226, 296, 528 
flowers of, 464 

trioxide, 77, 187, 192, 195, 313, 323 
Sulfuric acid, 28, 75, 127, 163, 172, 180, 183, 184, 
186, 187, 188, 189, 190, 192, 193, 194, 195, 

197, 225 , 274 , 286, 291, 297, 298, 299, 301, 

303, 305, 307, 308, 309, 312, 313, 315, 317, 318, 
320, 321, 323, 327, 340, 379, 380, 382, 383, 

385, 404 , 408, 410, 415, 434, 461, 463, 483, 

533, 534, 545, 546 

Sulfurization, 190, 305, 318, 320, 321 
Sul fury 1 chloride, 322 
Sunflower oil, 175 

Superheated steam (cooking m vats), 223 
Superheating phenomenon, 147, 224, 225, 226, 227, 
228, 23b, 231 
Superoxidee, 458 
Supersaturation of gases, 227 
Surface active substances. 117, 120, 122, 123, 129, 
130, 132, 134, 135, 149, 306, 307 
activity, 9, 118, 119, 120, 123, 124, 127, 129, 133, 
149 

colors, 483 

polarization phenomenon in emulsions (S. 

Berkman). 4^, 483 
refraction, 4M 

tension, 400, 401, 431, 449, 450, 451, 458, 459, 462. 
493, 494, 500 535 

in emulsions, 2, 3, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 16, 22, 28, 33, 51, 53, 60, 61, 71, 72, 73, 
76, 77. 81. 103, 105, 154, 168, 172, 175, 266, 
272, 275. 296, 308, 337, 401, 405, 431, 470, 532 
in foams. 114, 115, 116. 117, 118, 121, 122, 123. 
124, 129. 131, 134, 137, 140, 142, 143, 145. 146, 
147, 148, 149, 151, 232, 238 
measurements, 494 >500 
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Surface tension, waves (ripples) method, 497 

Sweating phenomenon, 43S 

Sweet almond, 15 

Switch oils, 447, 457, 520 

Szegvary's diaphragm, 25 

Szyskowski’s equation, 120 


T 

Tallow, 182, 187, 197, 233, 447, 463 
oils, 410, 447 

Tank-bottom emulsions, 156, 220, 247, 248, 270, 
282, 289 

gun barrel, 239, 240, 241, 255, 260, 280, 283, 332 
Hay, 260 
open, 223 

settling, 244, 251, 252, 255, 258, 260, 265, 278, 

280, 284, 285, 330, 359, 372 
screening, 275 
storage, 245, 295, 825, 844 
wash, 252 

Tannic acid, 174, 415 
Tannm, 75, 174, 409 

Tars, 12, 170, 171, 172, 176, ITl, 178, 180, 190, 197, 
239, 246, 249, 250, 257, 267, 301, 322, 323, 

328, 349, 356, 378, 379, 400, 404, 405, 406. 

407, 408, 409. 410, 411 
beech -wood, 184 
mineral, 461 

oil, 185, 187, 325, 382, 406, 411, 412, 415, 417, 

420, 423, 424, 425, 432, 452 
oil emulsions, 36, 172, 177, 188, 239, 256, 301, 337 
422, 426, 427. 429, 540, 543, 545 
residues, 177, 230 
Tartaric acid, 27, 303, 304 
Tartrates, 296 
Taurocholio acid, 421 
oil, 418, 420 

Tensile strength test, 521. 522 
Terpenic hydrocarbons, 313, 381, 382 
Terpineol, 190 
Tesla coil, 166 
Tetra-chlcH-ethane, 186, 296 
chlorethylene, 296 
chlorstearic acid chloride, 183 
decyl alcohol, 194 
dodecyl alcohol, 194 
hydronaphthalene, 192 
ethylene pentamine, 317 
sulfonic acids, 179 
iodofluorescem 

isobutylhydrooinnamic acid, 308 
propyl benzene sulfonic acid, 308 
Tetralin, 66, 187, 302, 326 
Theory of equi-partition of energy, 99 
Thionyl chloride, 322 
l^iosulfonic acid, 193 
Thiourea, 174 
Thixotropy, 400 
Thorium, 65 
chloride, 46, 50 
nitrate, 47, 48. 51 
Thymol, 172 
Tin, 295, 433 
chloride, 424 
i^ide, 424 
sulfate, 424 
phosphate, 424 
salts, 186 

Tintometer (Lovibond), 553 
Titanium chloride, 424 
fluoride, 424 
oxide, 370 

Titration voltameter, 517, 518 
Toluene, 11. 12, 38, 41, 54. 67 . 69. 81. 137. 175. 
176, 190, 192, 195, 308, 309. 311, 314, 415, 540, 
541 

disulfonie acid. 326 
Totuidine, 128, 129, 319, 326 
Topping plant for breaking emulsions, 223, 248, 
371 

IVagaeanth, 15. 31. 32. 90. 168, 174, 175 
Transformer oil, 34, 170, 197, 447, 457, 519, 520, 
521 


Transition to tliu unstable statu (foams), 143- 
147 

Traps, squeeze, 262 
water, 260 

Traube’s rule, 119, 135, 494 
stalagmometer, 449 
Tret-o-hte, 12. 298, 538 
Tri-bromhydrine, 43 
chloroethylene, 185, 318 
chloronaphthalene, 455 
chlorophenol, 455 
ethanol, 311 

ethanolamine, 90, 174, 180, 181, 184, 185, 195, 300, 
304, 305, 314, 317, 318, 321 
ethanolamine chloride, 184 
ethanolamine oleate, 22, 415, 417 
ethyl ammonium, 21 
ethylbenzyl ammonium chloride, 308 
ethvlenetriamine, 317 
glycerides, 806 

isobutylphenyl acetic acid chloride, 308 
propylnaphthalene sulfonic acid, 814, 315 
methylnaphthyl ammonium methyl sulfate, 193 
methyl octyl phoephonium propyl sulfate, 307 
olein, 539 

oxyethylamine stearate, 159 
propylbenzene sulfonic acid, 308 
ricinolein, 305 
dioxalyl triricmolein, 805 
Turbine oils, 197, 459 
Turkey-red oil, 172, 174, 188, 190, 288, 302 
Turpentine, 19, 127, 131. 143, 144, 174, 176, 381, 
409, 422, 464, 539 
resins, 409 

Twitched reagents, 182 

Type of emulsion determination, drop -dilution 
method, 531, 532 
indicator method, 532 


u 

Ultrafiltration, 403 
Ultramicrons, 1, 271. 373, 492 
Ultramicroscope, 1, 403, 475, 492 
Ultramicroscopic investigation, of asphalt 
bitumen, 400 
of emulsions, 486, 492 
of particles, 1, 27, 28, 492 
Ultrasonic dispersion, 167 
waves, 166, 167, 197 
Ultraviolet rays, 372, 475 
Union colorimeter, 554 
Urea, 174, 301 
Urethanes, 184, 192, 494 


V 

Valerates, 27 

Valeric acid, 128, 129, 454 
Valves, 158 
check, 265 
float, 263 
gate, 260 
pressure, 266 
spring-loaded relief, 369 
water-discharge, 262 
Valvoline oils, 446 
Van der Waals* equation, 227 
theory, 57 
Vanillin, 527 

Vaseline (petroleum jelly), 221, 378, 461, 520 
emulsions. 49, 50 
-like residue, 180 

Vegetable oils, 31, 78, 147. 149, 177. 178, 184, 186, 
188, 196, 232, 298. 309, 409, 447, 449, 454, 463, 
538 

emulsions, 31 

Vibrating drop method, 497 
jets method, 496 
Viscometers, 400, 509 
Engler, 448, 507. 508 
Hoppler, 508 
Michell, 448 
Ostwald, 448, 508 
Redwood, 448, 507, 508 
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Viscometers, Saybolt- Universal, 448, 506, 607, 508 
Steiner, 508 
Ubbelohde, 508 
Vogel -Ossag, 448, 508 

Viscosity, 13, 15, 16, 18, 10, 20, 21, 22, 23, 65. 80, 
103, 104, 105, 107, 117, 120, 121, 120, 130, 133, 
140, 141, 143, 140, 150, 153, 168, 171, 221, 
222, 223, 264, 265, 270, 273. 274, 286, 280. 201. 

206, 200, 300, 335, 330, 353, 360, 371, 376, 377, 

380, 300, 400, 410, 425, 426, 430, 433, 436, 448. 

440, 453. 457, 450, 461, 462, 463 , 464, 470, 507, 

515, 525, 532, 540, 543 

coefficient 18, 141 
Einstein's equation, 17, 18 
factor in emulsihcation, lO, 20, 21, 23, 28 
stability, 22, 23 
Haisch^’s equation, 18 

mtemal and superficial, 15, 18, 10, 20, 22, 23, 
124, 143, 144, 146, 150 
kinematic, 508 
limiting, 28 
measurements, 507>509 
number, 417 
quasi, 400 

V^atility, 142, 146, 150, 160, 251 
Volhard’s method, 533, 534 
Volume relation, 34-40 


w 

Water determination, 537-550 
m coal tar, 541 
gasoline and benzine, 546 
greases, 541 
molasses, 530 
oils. 540 
tars, 540, 545 
transformer oil, 540 
methods, acetylene. 544 
centrifuge, M8, 546 
distUlation, 538, 530, 540 , 541, 545 
freezing, 546, 547 
latex-copper sulfate, 546 
Water-gas emulsions, 238 
tar, 325, 360 

Water glass, 205 , 208, 385, 410 , 411, 420, 426 
Water-in-oil emulsions, 10, 21, 27, 20, 30, 33, 34, 
35, 36. 38, 30, 47, 40, 50, 52, 58, 80, 61, 62, 
63, 64, 65, 66, 67, 68, 60, 70, 74, 79, 80, 92. 
93, 94 , 05, 96, 98, 100, 107, 153, 162, 166, 
167, 168, 170, 174, 185, 186, 187, 219, 220, 221. 

251, 272, 275, 286, 292, 293, 295, 296, 297, 299, 

300, 301, 305, 306, 309, 311, 312, 313, 314, 315, 

320, 321, 323 , 324, 326, 334 , 339, 342. 348, 349. 

354, 376, 378, 306 , 404 , 405, 413, 410, 423, 424, 
425, 448, 460, 463 , 531, 532, 536 
knock-out system, 260 

softeners, 280, 298, 302 « , .o- 

Wax, 20, 160, 174, 175, 176. 179, 182, 184, 185, 187, 
188, 180, 190, 196, 199, 220, 221, 317, 411, 412, 
461, 538 
bees, 317 
candelilla, 463 
carnauba, 317, 318 
flax, 317 

montan. 29, 178, 179, 190, 414 , 418 
wool, 317 

Well -gauging, open- type meter, 473 
vapor-tight meter, 473 


Wells, 325, 532 
flowing, 154. 156. 157 
gas-hft, 154, 156, 157, 285. 280 
pumping, 154 
swabbmg, 157 
Westrumite, 418 

Wetted septum (Cottrell), 336, 341 
Wettmg, 10, 70, 80, 81, 83, 104, 107, 124, 125, 128, 
138, 139, 148. 150, 165, 168, 176, 181, 226, 
287, 204, 205, 297, 336, 337, 351, 370, 426, 449, 
451, 504, 552 ^ 

ability, 12, 14, 61, 71, 74, 78, 81, 85, 154, 192, 194, 
451, 452 
agents. 326 

heats of, 451, 452, 504 
hysteresis of, 505 
pressure, 452, 453 
sdective, 82, 258 
tension, 505, 506, 507 
tension measurement, 504, 505 
vdocity, 506 

Whale oil, 147, 177, 180, 107 , 232, 407, 412, 447, 
521, 523 

White oils, 323, 410, 450 
Wick lamp, 560 
Wilkemte, 422 

Woelflin's chart (gravity of oil), 536 
Wood, 179, 204. 417, 423 
oil, 40 
tar, 546 
Wool, 205 
fat, 410, 412, 414 
grease, 45, 178, 187 
Work of adhesion, 4, 01, 120, 126 
cohesion, 4, 91, 120 
extension. 3 


X 

Xanthogenate, 148 

X-rays, 372, 455 ^ 

Xylene, 30, 41, 43, 61, 67, 184, 192, 226 . 232, 308, 
300, 311, 326, 386 , 411, 434, 535, 539, 540, 541, 
542, 543 

sulfonamide, 319 
Xylenols, 184, 185 , 274, 322 
Xvhdine, 148 


Y 

Yeast, 80 

Young’s gravitomi'ter, 551, 552 
theory, 115 


z 

Zeolites, 294 

Zinc, 81, 269, 295, 433, 455 
blende, 124, 138 
bromide, 424 

chloride, 29, 196, 317, 318. 424 

cyanide, 424 

dust, 80 

fluoride, 424 

iodide, 424 

nitrate, 424 

oxychloride, 29 

oxide, 171 

phosphate, 424 

sulfate, 10. 408, 424 

Zirconium mtrntr. 424 
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